Cellular Plasticity {#s1}
===================

Definitions {#s2}
-----------

A defining property of our tissues and organs is that they remain functional over time. This implies that their main constituents, cells, persistently maintain their specialized identity. This specialized cellular identity is characterized by the combination of the cell's morphology and function---properties that are underlined by a specific transcriptional program. A major change in the way we view the maintenance of the specialized cellular identity has occurred recently: while the identity of differentiated cells was originally thought to be forever fixed after being acquired---a view that was largely held until 2006---it has become clear that it can be altered or entirely changed, even after terminal differentiation. This ability of a cell to give rise to cell(s) with a different identity is called cellular plasticity. Cellular plasticity can occur naturally in an organism, or can be triggered exogenously, either experimentally or by the environment. Although the term has initially been used to describe a cellular path proceeding from a less differentiated to a more differentiated identity, cellular plasticity entails a variety of processes including retrodifferentiation (the reversal to a lineally related progenitor or stem cell identity, and even reversal to a pluripotent state), transdetermination (the swap in differentiation commitment), and transdifferentiation (Td, the stable switch from one differentiated identity to another). The concept of cellular plasticity does not imply any directionality, *e.g.*, toward a more or less differentiated state, or what the final identity will be (see [Box 1](#b1){ref-type="boxed-text"} Definitions).

**Totipotent**: In reference to vertebrate development, a cell which descendants can form all embryonic and extraembryonic lineages

**Pluripotent**: In reference to vertebrate development, a cell which descendants can form all embryonic lineages, including germ cells.

**Multipotent**: A cell which descendants can give rise to several different cell types

**Unipotent**: A cell which descendants can form only one cell type

**Cellular potential**: describes the range of cell types a given cell can give rise to

**Stem cell**: The classical definition of a stem cell is a non-differentiated cell that can self-renew over a long period of time and give rise to daughter(s) with a different - and more differentiated - fate (i.e. exhibit cellular potential). Classically again, stem cells are viewed as discrete entities, and stemness as an intrinsic property the cells are born with. Note, however, that this definition does not fit all stem cells and that the ability to produce *in vitro* induced Pluripotent Stem (iPS) cells suggests that stemness is a state that can be acquired.

**Blastomere**: an early embryonic cell, obtained after cleavage of the zygote and before tissue germ layers are formed, that has the potential to give rise to a number of specialized cells and has a reduced capacity for self-renewal

**Progenitor**: A non-differentiated cell that has the potential to give rise to a number of specialized cells within a lineage and has a lower capacity for self-renewal than the stem cells. In a lineage, all cells that are in between the stem cells and the differentiated cells are called progenitors

**Differentiated cell**: A cell that exhibits defined specialized characteristics, morphology and behavior. Differentiated cells are conceived as discrete entities defined by intrinsic properties that ensure their function

**Cellular plasticity**: Describes the ability for a cell to give rise to different cell(s). No directionality - from/to non-differentiated - is implied; rather, it represents either the cellular potential of a stem cell or progenitor, or the ability of a cell to escape/change its initial identity

**Reprogramming**: Describes the ability for a differentiated cell to change its identity. By contrast with cellular plasticity, a directionality - starting from differentiated - is implied here

**Transdifferentiation (or Td)**: The stable conversion of a differentiated cell into another type of differentiated cell. Both natural and induced transdifferentiation events have been described. While a direct lineal relationship must be established between the initial and final cellular identity, the original definition, as proposed by Eguchi, Kodama (1993), does not entail any specific mechanism underlying the transition. However, it does imply that only one initial inducing event is used to trigger - experimentally - induced transdifferentiation, as opposed to a succession of experimental manipulations. Aka cell type conversion, direct reprogramming

**Direct reprogramming**: Same as Transdifferentiation, i.e. the stable conversion of a differentiated cell into another type of differentiated cell. Although sometimes used to solely imply an experimentally triggered event, direct reprogramming can be either natural (natural direct reprogramming) or induced (induced direct reprogramming)

**Pluripotent reprogramming**: The conversion of a differentiated cell into a pluripotent stem cell-like state. To date, this has only been observed after experimental induction such as during the generation of iPS cells; also called nuclear reprogramming

**Transdetermination**: The conversion of a committed (but not differentiated) cell into another type of committed cell.

Origin of the concept, relationship with cellular potential {#s3}
-----------------------------------------------------------

Cellular plasticity has classically been used as a defining property of stem cells. Stem cells self-renew and can give rise to descendants that have adopted a more differentiated identity. The number of possible alternative identities they can engender represents the cellular potential of the initial stem cell, and is often used to classify stem cells. While concepts and definitions have been largely defined and tested in vertebrate animals (see below), they are used to describe developmental events throughout the animal kingdom (see Box 1 Definitions). Thus, cells can be totipotent (*i.e.*, can give rise to all the embryonic and extraembryonic tissues), pluripotent (*i.e.*, can give rise to cells belonging to all three embryonic germ layers---endoderm, mesoderm, ectoderm), multipotent (*i.e.*, can give rise to several types of cells constituting one or more tissues), or unipotent (*i.e.*, can give rise to a specific lineage and differentiate into one cell type only) (see Box 1 Definitions).

By contrast, a differentiated cell is a specialized cell associated with a particular function in an organ or tissue (see Box 1 Definitions). In most tissues, differentiated cells ultimately become postmitotic, and the differentiated state is classically seen as an end point, a view influenced by Waddington's epigenetic landscape, in which cells during development are represented as balls rolling down from their highest cellular potential, represented as the top of a mountain, to their final differentiated state where they rest, represented as the bottom of a valley ([@bib187]).

Classical examples of cellular plasticity: toti-, pluri-, multi- or uni-potent cells and their demonstration {#s4}
------------------------------------------------------------------------------------------------------------

When and where are cells with broad cellular potential found in living animals? A large body of work has focused on the vertebrate embryo, in which the early embryonic cells have been shown to be totipotent, after which their cellular potential becomes more restricted as development proceeds.

Such cellular potential has been demonstrated through a variety of approaches. For example, mouse embryonic cells up to the eight-cell embryonic stage are believed to be totipotent, as they retain the ability to contribute to both embryonic and extraembryonic tissues in blastomere aggregation experiments and yield viable pups ([@bib19]). One natural demonstration of totipotency at the two-cell-stage is the production of identical twins following separation of the two blastomeres in mammals.

A large proportion of embryonic cells is thought to retain the ability to form an implanting embryo until the 16-cell stage, at which stage the cells of the Inner Cell Mass (ICM) start specializing as embryonic epiblast cells or primitive endoderm cells ([@bib117]). Cell lines, called Embryonic Stem (ES) cells, have been derived from these ICM cells of preimplantation embryos. These ES cells express markers of the ICM cells and self-renew over a long time, in contrast with the transient ICM cells from which they are derived, and can be maintained indefinitely in culture ([@bib19]). Both ICM and ES cells are thought to be pluripotent. Pluripotency is classically functionally demonstrated by testing the potential of single cells to contribute to normal development. This can be achieved by injecting them into a developing embryo, or through blastomere aggregation experiments or tetraploid complementation assays, and by testing their ability to contribute to all lineages. ES cells meet this functional definition. In addition, their differentiation potential can be tested by experimentally inducing differentiation along different lineages *in vitro*. While ES cells are engineered through isolation of ICM cells in very defined culture conditions and may progress to a specific pluripotent stage during derivation, it has been hypothesized that ES cells capture a naïve pluripotency state naturally found in ICM cells ([@bib19]).

Early embryonic pluripotency is rapidly lost and cells later in development are thought to be multipotent, oligopotent, or unipotent. To characterize these properties, *in vitro* clonogenic assays, *in vitro* and/or *in vivo* phenotyping, and *in vivo* transplantation assays are classically used ([@bib15]). For instance, *in vitro* differentiation approaches have been performed using a variety of primary cells---or cell lines---and culture conditions, from embryoid bodies or neurospheres to single cells such as intestinal stem cells, and, more recently, through the use of 3D matrices. In addition, transplantation assays and label-retaining approaches are performed *in vivo* to identify and follow stem cells and their descendants in their physiological environment.

Stem cells have also been described in adults, where they are thought to contribute to homeostasis, repair, and regeneration of adult tissues. Classical examples include unipotent satellite cells, which are muscle stem cells ([@bib142]), and the multipotent intestinal crypt stem cells ([@bib182]).

As highlighted for ICM cells, it should be noted that the cells exhibiting cellular plasticity during development, some with broad cellular potential, exist only transiently, by contrast with the classical definition of stem cells involving long-term self-renewal. These cells are therefore classically called blastomeres or progenitors. Thus, the notion of stem cells is, in large part, built on the ability to culture *in vitro* pluripotent cell lines (like ES cells), and on the description in several adult tissues of long-term resident stem cells, many of which are unipotent.

Together, this body of work has led to a hierarchical view of development in which early blastomeres in vertebrate embryos transition from totipotency to pluripotency and then continue to restrict their cellular potential as they progress along their specialization path, ultimately adopting their final differentiated and fixed identity. This notion of gradual morphing is implicitly suggested by Waddington's epigenetic landscape graphical representation, although whether differentiation paths actually follow an incremental hierarchical process or, on the contrary, proceed through a succession of sharp transitions, remains to be determined.

Developmental Programming: Regulative *vs.* Mosaic Models {#s5}
=========================================================

Are the properties of cellular potential, pluripotency, and multipotency, universal and do they apply to the worm? There have been a number of studies addressing the question of cellular potential in *Caenorhabditis elegans*. This section and the next will focus on those studies examining cellular plasticity in the embryo.

Programming in the worm: classical view and fixed lineage {#s6}
---------------------------------------------------------

*C. elegans* development has been described at the single cell level in landmark studies \[[@bib166]; [@bib40]; [@bib93]; [@bib167]; see [@bib62] for more recent automated and semi-automated lineage data\]. Knowledge of its cellular lineage has revealed that development proceeds in a highly stereotyped way: a generally fixed relationship between cell ancestry and cell fate, as well as largely invariant cell positioning, has been observed throughout embryonic development.

Does the ancestry of the cells constrain their fate and, if so, how? The striking invariance of the cell lineage raised the question of whether differentiation paths are intrinsically (cell-autonomously) determined, a process called mosaic development, or whether cells in the *C. elegans* embryo could adapt to changes and interference, indicating that cell fates are dependent on cell--cell interactions, a process called regulative development ([@bib32]).

As presented in the next section, *C. elegans* development had initially been seen as mosaic. This view resonated with the apparent mosaic development and segregation of cytoplasmic determinants described in many invertebrates ([@bib32]). Initial studies in *C. elegans* focused on the fate and determination of the early embryonic blastomeres. The fertilized egg, named P0, divides unequally into a larger anterior daughter, called AB, and a smaller posterior one called P~1~ ([@bib167]), which continues to divide along different division patterns and contribute to different tissues. Experiments in which the size of AB was reduced through removal of cytoplasm showed that the differential size of these two blastomeres does not substantially alter their division behavior or fate, suggesting that qualitative cytoplasmic differences dictate their fate ([@bib145], [@bib146]; [@bib148]). The AB blastomere will divide into what will become the anterior, ABa, and posterior, ABp, daughters. ABa lineage follows complicated asymmetrical patterns while ABp divides mostly through symmetrical patterns, both producing similar and unique cell types. Their descendants will be the major contributors to the cells of the hatching larva, and will generate cells of the nervous system, the hypodermis, and the pharynx. P~1~ continues to divide unequally to give rise to the EMS and P~2~ blastomeres. P~2~ will give rise to the C and P~3~ blastomeres, and P~3~ to the D and P~4~ blastomeres. EMS gives rise to MS, which produces primarily mesodermal cells and E, which generates only intestine. C generates muscles and hypodermis, and D only muscles. P~4~ is the precursor of the germline ([Figure 1](#fig1){ref-type="fig"}). These blastomeres are called founder cells, as they solely or mostly give rise to one tissue.

![Early embryonic lineage, evidence for cell-intrinsic determination and nonlinear segregation of developmental potential. The fertilized egg, named P~0~, divides unequally into the AB and P~1~ blastomeres. AB further divides into ABa and ABp, which will follow different division patterns. The tissue contribution of their descendants is indicated in gray. P~1~ divides unequally to give rise to the EMS and P~2~ blastomeres. P~2~ will give rise to the C and P~3~ blastomeres, and EMS gives rise to MS and E. The tissue contributions of the descendants of the C, P3, E, and MS blastomeres is indicated on the right. The cellular phenotype observed (in black) or not (in red) after culture in isolation, with or without cell arrest, of each blastomere up to the four-cell stage is also indicated.](723f1){#fig1}

Early specification suggests plasticity is lost early {#s7}
-----------------------------------------------------

A range of evidence from early embryological studies suggested that much of *C. elegans* embryogenesis is characterized by mosaic development, as reviewed in this section.

Founder cells are largely specified by apparent cell-intrinsic mechanisms at the time of their birth {#s8}
----------------------------------------------------------------------------------------------------

To address the extent to which autonomous specification mechanisms act during embryogenesis, a number of approaches have been undertaken. One of these consisted of isolating specific blastomeres, culturing them in isolation, and assessing which fate they or their descendants adopted. In isolation, the AB blastomere divides and produces recognizable hypodermal and neuronal cells, similar to many of the cell types it produces in wild type embryos ([@bib132]; [@bib59]; [@bib119]). The P~1~ blastomere obtained after gently bursting the eggshell and eliminating the AB blastomere, is able to divide in culture and generates four cells, one of which shows characteristics of the endodermal precursor cell E, specifically the gut-specific rhabitin granules ([@bib94]). When P~1~ blastomeres obtained similarly are treated with a cleavage inhibitor, they also give rise to cells with gut granules ([Figure 1](#fig1){ref-type="fig"}) ([@bib94]). These experiments suggested that the ability of P~1~ to generate gut fate is intrinsic to the P~1~ cell at the two-cell-stage. This work also suggested that cell division is not a requirement for expression of at least certain differentiation characteristics. Furthermore, if isolated P~1~ blastomeres are allowed to divide further, they yield a partial embryo containing a few hundred cells that twitches and that contains muscle cells ([Figure 1](#fig1){ref-type="fig"}) ([@bib94]; [@bib65]). Again, this suggested that the potential to produce muscle is intrinsically present in the P~1~ blastomere and is segregated to its descendants. These data were interpreted as strong evidence that early embryonic specification is largely carried out autonomously and already established in the early blastomeres, consistent with a mosaic pattern of development.

One intrinsic mechanism underlying mosaic development is cell fate determination through the segregation of cytoplasmic determinants. Early observations supported such a mechanism at both the organelle and molecular levels. The germline-specific P granules are transmitted specifically to germline precursors during the early asymmetric cell divisions that establish the germline progenitor, P~4~ ([@bib165]). Similarly, proteins such as [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333) and [MEX-5](https://wormbase.org/species/c_elegans/gene/WBGene00003230#0-9g-3)/[6](https://wormbase.org/species/c_elegans/gene/WBGene00003231#0-9g-3) ([@bib113]; [@bib150]) are distributed unequally in the zygote and subsequent blastomeres prior to cell division ([@bib34]). The levels of the [SKN-1](http://identifiers.org/bioentitylink/WB:WBGene00004804?doi=10.1534/genetics.119.302333) protein, required in P~1~ descendants to produce pharyngeal cells, are also higher in the P~1~ blastomere compared to its AB sister ([@bib20]). Caveats to these experiments exist: for instance, a role for cell--cell interactions in specification, preceding cell separation manipulations for example, cannot be definitely excluded; in addition, the impact of cell--cell signaling in rapidly dividing blastomeres may only be seen in one-to-a-few cell generations later. However, collectively, these findings made a strong case that cell fate potential is driven largely by cell-intrinsic mechanisms in early *C. elegans* embryos.

Cleavage-arrest experiments and exclusivity of cell fate {#s9}
--------------------------------------------------------

The law of exclusivity of differentiation postulated by [@bib191] posits that a single cell chooses only one path of differentiation at a time. This principle was supported in *C. elegans* through cleavage-arrest experiments on early embryos, which were used both to assess when the potential to differentiate particular cell types first appears, and to examine whether the potential to produce several differentiated cell types can coexist in the same blastomere ([@bib34]). Cowan and McIntosh observed cleavage-arrested isolated P~1~ blastomeres and asked if gut, muscles, and hypodermis markers, all fates found in the P~1~ progeny, can be coexpressed in such setting. While they observed that all three markers were found in similar proportion in cleavage-arrested P~1~ blastomeres, they never found them to be coexpressed ([@bib34]). These findings supported the view of exclusivity of differentiation pathways ([@bib191]) and were interpreted as yet further evidence for mosaic development in the worm.

Importance of DNA replication in specification {#s10}
----------------------------------------------

An early model, called the quantal cell cycle model ([@bib73], [@bib74]), posited that progression through the cell cycle, and DNA replication in particular, is a necessary requirement for cells to alter their expression profiles and change their commitment or differentiation state. The model postulates that the DNA:cytoplasm ratio controls transcription through its impact on cell cycle. In the context of embryogenesis, it implied that even when embryos are competent for transcription, they would start transcribing only once a G1 or G2 phase is added to the cell cycle.

However, cell fusion experiments to produce nondividing heterokaryons, carried out around the same time, have shown that cells in culture can alter portions of their transcriptional programs in the absence of DNA replication ([@bib17], [@bib18]; [@bib25]), suggesting that this model may not entirely apply, at least in *in vitro* settings. In an effort to decipher the relationship between DNA replication and lineage specification in an *in vivo* physiological setting, [@bib44] tested this hypothesis in live *C. elegans* embryos using pulses of the drug aphidicolin, which instantaneously blocks DNA replication. Focusing on the E lineage and by comparison it to the hypodermal, and body wall muscle lineages, their experiments addressed the requirement for rounds of DNA replication in the expression of intestinal, lineage markers ([@bib44]).

[@bib44] found that neither the number of replication rounds *per se*, nor the DNA:cytoplasm ratio or elongation of the cell cycle prevented expression of differentiation markers or their timing, suggesting that the quantal cell cycle model did not apply, at least for the lineages examined, in *C. elegans* embryo. However, their results suggest that the first round of DNA synthesis after the sublineage progenitor has been established (for instance, the E founder cell) is key. This was interpreted by the authors as a critical period during which gut genes are "activated" or licensed for later expression ([@bib44]). This could be achieved via the replication-dependent elimination of nucleosomes and other histone modifications, thus giving access to key determinants to target regions on the chromosomes, or it could represent a critical period when cytoplasmic gut determinants are translocated to the nucleus and thus bind to specific loci on the chromosomes. One implication of these studies is that early blastomeres, rather than being generally open to adopting different differentiation fates, must be made competent to do so *in vivo* through a precisely timed DNA replication period. However, such an explanation must take into account how markers of several different fates, including gut, can be observed in cleavage-arrested P~1~ blastomeres (which continue to undergo DNA replication and mitosis) ([@bib94]), as presented in the *Cleavage-arrest experiments and exclusivity of cell fate* section.

The *C. elegans embryo:* *regulative development and early cellular plasticity clues* {#s11}
-------------------------------------------------------------------------------------

While much evidence points to a mosaic mode of development in *C. elegans*, it is also clear that regulative development also functions during early embryogenesis, and that early blastomeres likely retain wider developmental potential than they express during wild-type development.

Nonlinear segregation of developmental potential {#s12}
------------------------------------------------

As described above, cleavage-arrested P~1~ blastomeres appear to differentiate gut, based on the presence of gut granules ([@bib94]; [@bib34]). However, cleavage-arrested P~0~ blastomeres never produce gut granules ([Figure 1](#fig1){ref-type="fig"}). This suggests that gut fate determinants are not present, or are not active, in P~0~, but arise in the P~1~ cell, perhaps as a result of its interaction with the AB blastomere or of P~0~ division. Similar observations have been made when segregation of muscle differentiation potential is examined: it is not seen in P~0~, while it is present in P~1~ and P~2~ blastomeres ([Figure 1](#fig1){ref-type="fig"}). In addition, muscle differentiation potential is not present in cleavage-arrested EMS, while it is present in the P~1~ mother, and in its MS daughter ([Figure 1](#fig1){ref-type="fig"}). These data suggest that different developmental potentials are not simply segregated in a linear fashion but can reappear throughout the lineage in daughters of cells that do not exhibit this potential ([@bib34]).

Similarly, the lineal pattern of the worm's tissues argues against a purely mosaic pattern of development: indeed, with the exception of the intestine and the germline, whose origin can be traced to one early ancestor, *C. elegans* tissues are polyclonal in origin ([@bib167]), excluding simple linear segregation of fates along lineages.

Wide developmental capacity of early blastomere nuclei {#s13}
------------------------------------------------------

Studies have suggested that there is greater plasticity in the early blastomeres than is evident from the lineage. When the anterior cytoplasm together with the zygote nucleus are extruded from the anterior pole of wild-type 1-cell embryos, it produces an AB-like cell that can divide. If one of the nuclei obtained after two divisions is slipped back into the posterior enucleated part that had remained, the newly recreated cell then divides like a P~1~ blastomere that is able to produce P derivatives like muscles ([Figure 2](#fig2){ref-type="fig"}) ([@bib148]; [@bib146]). These experiments suggested that an AB-like nucleus still contains P~1~ developmental potential, even after two cell divisions, and thus could be regarded as totipotent. However, another interpretation could be that the posterior enucleated part behaves like a P~1~ environment that can reprogram the AB-like nucleus, in analogy to what John Gurdon observed in his landmark nuclear transfer experiments in frogs ([@bib68]).

![Evidence for the early developmental plasticity window and the control of its timing. Early blastomeres up to the 8E-cell stage can exhibit high plasticity, as revealed by blastomeres swap (^§^), blastomeres ablations or culture in isolation (\*), nuclear transfer (^&^) or analysis of lineage mutants (^£^). In addition, overexpression (OE) of defined TFs during this time-window transforms most, if not all, blastomeres into cells bearing characteristics of the indicated tissues. Transition from the 8E to the 16E-cell stage marks the multipotency-to-commitment transition (MCT). The window can be extended by removing the polycomb PRC2 complex ([*mes-2*](https://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333), [*mes-3*](https://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) mutants) or early Notch activity ([*glp-1*](https://identifiers.org/bioentitylink/WB:WBGene00001609?doi=10.1534/genetics.119.302333) mutant).](723f2){#fig2}

Blastomere rearrangements and latent developmental potential {#s14}
------------------------------------------------------------

In another key set of experiments, displacement of blastomeres within the embryo revealed that early sister blastomeres that normally invariably adopt different fates are actually initially equipotent. For example, the AB daughters generate common but also unique cell types: only ABa generates pharyngeal muscles and inner labial neurons, while only ABp generates the GABA-containing neurons. To examine if ABp retains ABa developmental potential and *vice versa*, Priess and Thomson swapped their positions by micromanipulation before their separation is complete in otherwise normal embryos, and examined the identity of their descendants in embryos, larvae, and adults. All 11 such embryos developed into seemingly normal and viable larvae and adults, and the expected ABa and ABp derivatives were all found at their normal location, though likely generated by the other, interchanged, AB daughter ([Figure 2](#fig2){ref-type="fig"}) ([@bib132]). These striking results strongly suggested that, although the AB daughters stereotypically follow different developmental paths, they in fact have a broader developmental potential than the one they normally express during development. Selective expression of a subset of this developmental potential thus relies on the environment and differential cell--cell interactions that each AB daughter experiences---a conclusion reinforced by the concomitant finding that AB blastomeres cultured in isolation do not generate all expected cell types ([@bib132]). Together with the Schierenberg experiments described above, these studies argue that the AB blastomere at least is inherently more potent---and maybe more totipotent---than is apparent during normal development.

Early ablations also revealed instances of regulative development {#s15}
-----------------------------------------------------------------

Laser-mediated ablation of individual blastomeres in embryos comprising 28 cells or more revealed a restricted number of cases of regulative development, that occurred mostly during late embryogenesis ([@bib167]). These experiments initially reinforced the idea that *C. elegans* development and early embryogenesis in particular was largely mosaic.

However, further experiments revealed numerous cell--cell interactions that are required for the correct specification of early blastomeres as well as the complete repertoire of all cells in the *C. elegans* embryo. Experiments using temperature-sensitive mutants that alter the cell-cycle length of particular blastomeres, in which case the resulting embryo developed abnormally, or of all founder cells, in which case normal development was observed, suggested a requirement for timely cell--cell interactions ([@bib149]). [@bib132]) further examined when descendants of the AB and P~1~ blastomeres are first determined using ablation experiments and monoclonal antibodies that specifically label pharyngeal or body wall muscles (contributed to by both the AB and P~1~ blastomeres) in late embryos. They showed that the blastomeres that generate these cells appear to be determined by the 28-cell stage. The muscles descendants of the P~1~ blastomere did not require AB-derived cells, as ablation of the AB blastomere at the two-cell stage did not alter the ability of the P~1~ descendants to produce pharyngeal and body wall muscles ([@bib132]). These results are consistent with the observed segregation of muscle fate in P~1~ ([@bib94]). By contrast, removing the P~1~ blastomere did not allow generation of the expected pharyngeal or body wall muscles in AB descendants development ([Figure 2](#fig2){ref-type="fig"}). It was further shown that removal of EMS, a P~1~ daughter, led to the absence of pharyngeal muscles, while removal of P~2~ still allowed the generation of both body wall and pharyngeal muscles ([Figure 2](#fig2){ref-type="fig"}) ([@bib132]). This strongly suggested that an interaction between P~1~ or its daughter EMS and the AB lineage is necessary for the formation of muscles in AB descendants.

Along the same lines, the role of inductive interactions during gut development has been examined more closely. The entire gut derives from a single blastomere, the founder E cell in *C. elegans*. Based on blastomere isolation experiments, it was initially suggested that EMS, the mother of the founder E cell, and even the P~1~ blastomere, have the cell-intrinsic ability to produce intestinal fate ([@bib94]). However, subsequent studies revealed that isolation of the EMS blastomere at the early four-cell stage blocked its ability to generate gut descendants. It was found that EMS requires a signal from P~2~ at the four-cell stage to generate gut descendants ([Figure 2](#fig2){ref-type="fig"}) ([@bib147]; [@bib63], [@bib64]). During later embryogenesis, several additional cell--cell inductions were also revealed by ablation experiments, such as the regulative interaction between ABprapaapa (aka W) and ABplapaapa (aka G2) or the regulative interactions between ABplpaaaapa (aka excretory duct) and ABprpaaaapa (aka G1) ([@bib166]). Likewise, several regulative interactions have also been described during larval development, including, but not restricted to, the specification of the anchor (AC) and vulval uterine (VU) cells or of the Vulval Precursor Cells (VPCs) ([@bib66]).

Lineage defects in mutants provide strong evidence in favor of regulative interactions {#s16}
--------------------------------------------------------------------------------------

Analysis of mutations affecting embryogenesis further revealed numerous cell--cell interactions that are required for the correct specification of early blastomeres and the complete repertoire of all cells in the *C. elegans* embryo. We will here focus on three such examples in early embryogenesis. In particular, lineage founders were shown to be differentially specified at the four-cell stage through intercellular directional signals that depend on the geometrical arrangement of the blastomeres. This specification involves a P~2~ signal to ABp through the Notch extracellular receptor [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) ([Figure 2](#fig2){ref-type="fig"}); both AB descendants express the maternally encoded Notch receptor [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3), but only the posterior one contacts P~2~, which expresses the Notch ligand [APX-1](http://identifiers.org/bioentitylink/WB:WBGene00000168?doi=10.1534/genetics.119.302333), and, therefore, only it is induced to acquire an ABp fate (see <http://www.wormbook.org/chapters/www_notchembryo/notchembryo.html> and references therein). Further analysis of the [*glp-1*](https://identifiers.org/bioentitylink/WB:WBGene00001609?doi=10.1534/genetics.119.302333) mutants also revealed a signal from the MS blastomere to the two (of the four) ABa descendants that it contacts, and which express [*glp-1*](https://identifiers.org/bioentitylink/WB:WBGene00001609?doi=10.1534/genetics.119.302333), occurring in the 12-cell stage embryo ([Figure 2](#fig2){ref-type="fig"}) ([@bib132]; [@bib156]). This interaction is necessary to induce the ABa descendants to produce pharyngeal cells, and to break the left-right symmetry of the AB lineage ([@bib132]; [@bib59]; [@bib78]; [@bib104]; [@bib119]).

The blastomere isolation experiments also revealed a P~2~ to EMS signal that is necessary for subsequent production of endoderm ([Figure 2](#fig2){ref-type="fig"}) ([@bib63], [@bib64]). Genetic screens and mutant analyses have shown that this signal is mediated by redundant Wnt, src, and MAPK pathways, resulting in the polarization of the EMS cell, and asymmetric concentration of the TCF/[POP-1](http://identifiers.org/bioentitylink/WB:WBGene00004077?doi=10.1534/genetics.119.302333) TF in the nucleus of the MS daughter *vs.* the E daughter ([@bib96]; [@bib175]; [@bib9]).

Together, these studies showed that, even in an animal with a stereotyped cell lineage, development is not strictly driven by intrinsic factors, but also relies on timely cell--cell inductive interactions and the embryo's cellular geometry. They also emphasize that the cellular and developmental potential of single cells should be assessed out of their normal contexts as it can be greater than their fate could predict.

Early Embryonic Cellular Plasticity is Restricted to a Defined Time Window: the Multipotency-to-Commitment Transition {#s17}
=====================================================================================================================

Early embryonic founder cells are specified at the time of birth, but remain developmentally plastic through several divisions {#s18}
------------------------------------------------------------------------------------------------------------------------------

The cell-intrinsic ability of founder cells to remain developmentally plastic through several subsequent rounds of cell division was further demonstrated by the ability of them and their descendants to change fate and even lineage commitment in response to ectopically driven expression of cell fate-determining transcription factors (TFs). For example, it was found that all somatic lineages could be converted to endoderm in response to ubiquitous expression of single GATA-type TFs that function in endoderm specification and differentiation ([Figure 2](#fig2){ref-type="fig"}; [END-1](http://identifiers.org/bioentitylink/WB:WBGene00001310?doi=10.1534/genetics.119.302333), [END-3](http://identifiers.org/bioentitylink/WB:WBGene00001311?doi=10.1534/genetics.119.302333), [ELT-2](http://identifiers.org/bioentitylink/WB:WBGene00001250?doi=10.1534/genetics.119.302333), and [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333)) ([@bib53]; [@bib201]; [@bib101]; [@bib160]), resulting in embryos containing essentially only differentiated gut cells. Similarly, transcription factors for other differentiated cell types are capable of converting most or all cells of embryos into pharynx (driven by [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333)/FoxA; [@bib75]), muscle (driven by the bHLH factor [HLH-1](http://identifiers.org/bioentitylink/WB:WBGene00001948%3fdoi=10.1534/genetics.119.302333); [@bib52]), or epidermis (driven by the [ELT-1](http://identifiers.org/bioentitylink/WB:WBGene00001249?doi=10.1534/genetics.119.302333) GATA or [LIN-26](http://identifiers.org/bioentitylink/WB:WBGene00003012?doi=10.1534/genetics.119.302333) ZnF factor; [@bib61]; [@bib133]) ([Figure 2](#fig2){ref-type="fig"}).

This conversion process, or transdetermination, reflects *bona fide* redirection of most or all somatic progenitors into the pathway for endoderm (or pharynx, muscle, or epidermis) differentiation, as other cell-type specific differentiation, characteristic of the other two germ layers, is prevented in the cells that inappropriately express markers of the differentiated gut.

Thus, several divisions after founder cell lineages are established, many or all somatic lineages of the early embryo, though normally specified to particular lineages, appear to remain largely pluripotent (capable of contributing to any of the three germ layers). These findings underscore the exclusivity of cell fates that had been originally inferred from early experiments on cleavage-arrested embryos ([@bib34]): genuine acquisition of one differentiated fate by transdetermination or reprogramming precludes expression of genes characteristic of other fates.

Plasticity is retained in early blastomeres during a defined developmental window {#s19}
---------------------------------------------------------------------------------

The demonstrated developmental plasticity of early embryonic cells has provided a useful test bed for exploring *in vivo* mechanisms that control pluripotency and subsequent developmental commitment. Although early descendants in each founder cell lineage retain the ability to be transdetermined into any of three germ layer types, this multipotency is lost by midembryogenesis, after which embryos undergo essentially normal development and differentiation when challenged with widespread expression of cell fate-determining TFs ([@bib203]; [@bib162]). Thus, embryos transition from a multipotent state into one in which cells resist reprogramming into other cell types. This multipotency-to-commitment transition (MCT), occurs within a few hours of fertilization, at around the 200--300 cell stage, or after the E lineage has divided to produce eight descendants (8E stage, [Figure 2](#fig2){ref-type="fig"}; the simple E lineage provides a convenient landmark for scoring various stages in embryonic development). Most, if not all, animal embryos undergo a similar transition from a plastic to a committed state of differentiation ([@bib19]; [@bib11]); hence, the MCT generally marks a major event that occurs during embryogenesis across metazoan phylogeny.

Molecular events controlling plasticity of early blastomeres and timing of the MCT {#s20}
----------------------------------------------------------------------------------

The molecular processes underlying the MCT have been investigated by analyzing genes whose loss delays its onset, resulting in extension of the period during which cells can be redirected into other developmental pathways ([@bib162]). Concomitant with this transition into commitment, nuclei undergo a change in structure that was proposed to reflect a global increase in the condensation of chromatin, suggesting conversion to heterochromatin ([@bib199]). Consistent with this notion, components of the PRC2 chromatin remodeling complex, including [MES-2](http://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333), which encodes the H3K27 methyltransferase catalytic subunit, and [MES-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333), were found to be required for the normal onset of the MCT ([@bib199]). Embryos deficient for this complex are delayed in commitment to normal pathways of differentiation, as evidenced by the ability to redirect normally nonmuscle cells into muscle when forced to express the muscle-determining factor [HLH-1](http://identifiers.org/bioentitylink/WB:WBGene00001948%3fdoi=10.1534/genetics.119.302333) ([Figure 2](#fig2){ref-type="fig"}) ([@bib199]). The delayed transition from a multipotential to a committed state in [*mes-2*](https://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333) mutants is paralleled by a widespread change in gene expression: genes that are normally expressed specifically during early embryogenesis (including the muscle-specific [*unc-120*](https://identifiers.org/bioentitylink/WB:WBGene00006844?doi=10.1534/genetics.119.302333) gene, the endoderm-determining [*end-1*](https://identifiers.org/bioentitylink/WB:WBGene00001310?doi=10.1534/genetics.119.302333) gene, and the ABa lineage-expressed [*tbx-37*](https://identifiers.org/bioentitylink/WB:WBGene00006556) and *-[38](https://wormbase.org/species/c_elegans/gene/WBGene00006557#0-9g-3)* genes) and whose expression is attenuated after the 4E stage, were found to be overexpressed and maintained expression after this stage, perhaps reflecting perdurance of an early embryo-like (uncommitted) state ([@bib199]).

The ability to probe developmental plasticity by challenging embryos with forced expression of TFs provided an entry point into identifying genes that, when debilitated, result in a failure of cells to commit at the normal developmental stage. A screen for such genes revealed that Notch signaling contributes to establishing the MCT in the AB lineage. In embryos lacking the Notch receptor [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3), the MCT is delayed to well after the 8E stage, allowing [END-3](http://identifiers.org/bioentitylink/WB:WBGene00001311?doi=10.1534/genetics.119.302333) to activate widespread, ectopic gut differentiation much later than in [*glp-1*](https://identifiers.org/bioentitylink/WB:WBGene00001609?doi=10.1534/genetics.119.302333)*(+)* embryos ([Figure 2](#fig2){ref-type="fig"}) ([@bib42]).

Maternally encoded [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) is expressed specifically in AB and its descendants and Notch signaling is known to specify many cell types during the first several divisions of the AB lineage in response to signals from descendants of the P~1~ blastomere ([@bib112]; [@bib119]; [@bib79]; [@bib118]). Thus, specification of AB descendants *per se* might result in commitment of these cells, consistent with temperature-shift experiments that revealed that the stage at which [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) functions in several early cell fate decisions also correlated with its temporal requirement in establishing the MCT ([@bib42]). However, some AB-derived cells apparently never receive cell-type-specifying Notch signals during embryogenesis and yet, as with Notch-signaled cells, appear to resist reprogramming into endoderm by [END-3](http://identifiers.org/bioentitylink/WB:WBGene00001311?doi=10.1534/genetics.119.302333) at the appropriate time. In fact, it was found that the requirement for [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) in determining developmental plasticity is, apparently, not dependent on the AB-extrinsic specification signals from P~1~ descendants, but is autonomous to the AB lineage: isolated AB-derived partial embryos, which cannot receive signals from P~1~ descendants, continue to show [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3)-dependent activation of the MCT at the normal time ([@bib42]). The role of [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) in establishing the MCT in the AB lineage independently of the known signaling ligands led to the finding that two noncanonical, apparently secreted DSL-like ligands, [DSL-1](http://identifiers.org/bioentitylink/WB:WBGene00001103?doi=10.1534/genetics.119.302333) and [-3](https://wormbase.org/species/c_elegans/gene/WBGene00001105#0-9g-3), show a similar requirement for establishment of the MCT ([@bib42]). Thus, these putative ligands may act on [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3) specifically in the AB lineage to direct commitment to nonendoderm fate without specifying cell identities. As elimination of either PRC2 or Notch function (in the AB lineage) results in superficially similar effects, *i.e.*, delay of the MCT and persistence of developmental plasticity, it is conceivable that Notch acts through the PRC2 system to alter chromatin accessibility to reprogramming. Of note, a similar relationship between [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3)/Notch and PRC2 has been unraveled in germline-to-soma conversion, as described below ([@bib152]).

It is believed that deployment of the gene regulatory networks that direct embryonic development progressively restricts the developmental fates of cells through the action of TFs and *cis*-regulatory sequences. Such networks establish autoregulatory "lockdown" circuits that underlie commitment to specific pathways of differentiation ([@bib37]; [@bib36]). The findings described above suggest that additional mechanisms operate independently of these transcriptional networks, and function to provoke developmentally plastic cells to commit to particular differentiated states. Given that [*mes-2*](https://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333)*(−)* embryos are viable, as are [*dsl-1*](https://identifiers.org/bioentitylink/WB:WBGene00001103?doi=10.1534/genetics.119.302333)*(−)* and *-[3](https://wormbase.org/species/c_elegans/gene/WBGene00001105#0-9g-3)(−)* mutants, timely activation of the MCT does not appear to be critical for successful differentiation and development, at least in conditions in which cell fate acquisition is not challenged. Thus, systems that commit initially developmentally plastic cells to differentiation may function to ensure developmental fidelity *per se*. As such, these systems may function independently of pathways that control the differentiated fate of cells.

Cellular Plasticity of Specialized Cells: Reprogramming and Transdifferentiation---an Overview {#s21}
==============================================================================================

Is cellular plasticity a property restricted to stem cells or to progenitors found in developing embryos? Classical developmental experiments highlighted very early on that differentiated cells have an inherent cellular plasticity that is not normally expressed but that can be experimentally revealed. For instance, late 19th century studies showed that newts can regenerate their lens after complete removal, and that the likely source of the regenerated lens is pigmented epithelial cells of the dorsal iris ([@bib30]; [@bib195]; [@bib90]). Cellular plasticity was also demonstrated for cells that are not yet fully specialized: grafting the dorsal lip of the blastopore of a frog or newt embryo onto the ventral side of a receiving embryo leads to the induction of a second body axis: the fate of the ventral cells of the receiving embryo is changed by the graft ([@bib105]). Later, John Gurdon found that the transplantation of a differentiated somatic nucleus into an enucleated frog egg led to the reprogramming of the differentiated nucleus, allowing the development of fertile frogs ([@bib68]; [@bib69]). Thus, very early on, it appeared that, at least under specific conditions, specialized cells could exhibit cellular plasticity. This and subsequent sections will focus on the cellular plasticity of specialized cells, *e.g.*, differentiated tissue cells and germ cells.

In fact, the ability of cells that have acquired specialized identities in multicellular organisms to undergo conversion into other cell types has been observed throughout both the plant and animal kingdoms, including members of the ecdysozoan and lophotrochozoan branches of protostomes and the deuterostomes. Cell fate conversion has been described in both natural and experimental settings outside of development. Examples include regeneration following injury, in which cells of a variety of types, and entire structures, can be provoked to develop from either differentiated cells or multipotential progenitors present in the tissue, as occurs, for example, in regenerating amphibian lens ([@bib72]). In the context of disease, cell type conversions and metaplasias might be at the basis of a variety of cancers ([@bib169]; [@bib111]). While resistance to the notion that specialized cells could change their identity was initially strong, a new way to induce cellular plasticity experimentally has been described more recently in landmark experiments. Indeed, pluripotent stem cells have been engineered *in vitro* starting from differentiated cells ([@bib171]) that exhibit similar properties to ES cells, and can also be grown indefinitely in culture. Such feats, called pluripotent reprogramming, necessitate the forced expression of a cocktail of transcription factors endogenously expressed in ES cells and important to maintaining their pluripotency. Although variations in the cocktail composition exist, and small molecules replacements for some of these factors have been attempted, four factors are commonly used: Oct4, Sox2, Klf4, and cMyc ([@bib171]; [@bib172]). It should be noted that, while all differentiated cell types used to date have been reprogrammed, the programming success rate is very low. These landmark experiments have an important conceptual implication, as they imply that pluripotency in not an inherent property of a stem cell entity, but a state that can be acquired. In addition, these studies, together with the early descriptions of unexpected cellular plasticity events, have decisively shown that the differentiated cellular identity is not fixed, and opened the door to the possibility that cellular plasticity may not be a property uniquely found in stem cells or blastomeres.

Various terms can be found in the literature to describe similar or distinct cellular plasticity events (see Box 1 Definitions). Cellular reprogramming, transdetermination, and Td all share the common characteristic that the normal fate of a cell is altered to that of another cell type, and generally involve remodeling of the transcriptional state of a nucleus, a process that translates into morphological and functional changes. Though "cellular reprogramming" can also be found in the literature with a very narrow application, that is the reprogramming of differentiated cells into an embryonic-like stem cell called induced pluripotent stem (iPS) cell, cellular reprogramming is a more generic term that does not imply the degree of specialization of the initial or final identities. We have thus used "pluripotent reprogramming" to designate reversion from a differentiated identity to an ES-like state. By contrast, transdetermination involves a switch in the fate of progenitor or stem cells from one lineage type into another, and Td applies to events in which cells that have adopted a differentiated fate are converted to another differentiated cell type \[for the first use of Td in English, see [@bib153]; for definition and criteria, ([@bib90])\]. It is important to note that the definition of these processes is based on the initial and final identities and their switch after a single inducing event, but not on the cellular or molecular mechanisms underlying the conversion itself, which are in many cases unknown and may vary in different contexts. In addition, "direct reprogramming" or "direct cell type conversion" are also found in the literature instead of Td, often to describe experimentally induced processes in cell culture assays. For clarity, we propose to use them indistinctly, but to specify, by using "natural" or "induced," when these processes are observed in nature or have been triggered experimentally respectively (see Box 1 Definitions). While applications taking advantage of cellular plasticity have been pushed forward more recently, these concepts have deep roots in developmental biology.

Transdetermination was first used to describe the conversion of imaginal disk identity in *Drosophila* larvae, from leg to wing, for example ([@bib56]; [@bib109]; [@bib196]) as a result of environmental changes or injury. This redirection of progenitor cells that have not yet become specialized can be contrasted with *bona fide* Td events. This latter process, again first described in insects ([@bib153]) has been observed both in dividing and nondividing cells.

The distinction between transdetermination and transdifferentation of fully differentiated cells cannot always be precisely defined, the limitation being the precision with which it is possible to define the extent of differentiation of the initial cell prior to its reprogramming. However, alteration of a lineage trajectory before cells have adopted a specific function---for example, when the fates of blastomeres in early *C. elegans* embryos are redirected as a result of loss of gene function or forced expression of TFs, or as occurs with homeotic mutations and when an eye is induced at the end of a leg by forced expression of eyeless in *Drosophila*---is definitively transdetermination. When the cell, prior to its conversion, has already performed a differentiated function---as with the rectal epithelial cell in *C. elegans*, which converts to a specialized neuron ([@bib81]), or with fibroblasts that can be converted to muscle cells as a result of forced MyoD expression ([@bib38]; [@bib173])---the event can be definitively considered Td.

Germ cell reprogramming is a special case, complicating the distinction between transdetermination and Td. Developing germ cells are a distinct population of cells, which one may view as very specialized, that are undergoing the process of later transforming into a totipotent embryo. As such, conversion of germ cells into differentiated cells may be the result of derepression of somatic differentiation that is poised to occur following fertilization. This might be exemplified by the acquisition of differentiated somatic features of several lineages by germ cells mutant for translational regulator-coding genes ([@bib29]). Though the distinction is partly semantic, and similar molecular mechanisms might be at play, the latter process could be considered premature activation of the normal---and poised---embryonic program, rather than a *de novo* switch from one transcriptional program to another, as would be expected for transdetermination or Td.

The goals of studying mechanisms of developmental reprogramming in model organisms such as *C. elegans* are both fundamental and practical. The intensive genetic approaches available with the system can be highly informative as to the stepwise mechanisms and key molecular regulatory processes underlying conversion of one cell type to another within an *in vivo* context. In addition, one key aspect and nagging technical limitation in multicellular organisms is the ability to follow and unambiguously assess the cell type conversion at the single cell level. With its transparency and fully described cellular lineage ([@bib166]; [@bib167]), the worm offers a unique model in this respect. Although cell identity can be changed either naturally or experimentally, it is of importance to understand at the fundamental level at what stage in the differentiation process there is a restricted or unique pathway that must be followed to acquire that identity. Moreover, it is critical to learn the extent to which the state of the nucleus is identical in two cells that ultimately adopt the same differentiated fate, either during normal development from a multipotent progenitor, or as a result of Td. This information can also guide the adaptation of reprogramming approaches in regenerative medicine. To safely replace damaged or lost cells resulting from injury or disease with genetically identical cells from a patient that have been created by inducing differentiation of stem cells or Td of a different cell type requires a complete understanding of the similarities between the natural and induced cells at the level of both gene expression and epigenetic states, and the stability of the induced state once transplanted. Such studies might also advance insights into which source of cells, whether directly from patient-harvested tissues, or from those cultured for long periods, affects the efficiency and longevity of the transdifferentiated replacement tissues.

Current Questions in the Field that can be Addressed with Studies of Plasticity in *C. elegans* {#s22}
===============================================================================================

The ability to experimentally induce cellular reprogramming, either to another differentiated identity, or to a pluripotent state, as well as the existence of natural reprogramming events, have triggered a booming new field of investigations. Here, we summarize the main questions that have emerged, and are or can be pursued using *C. elegans* as a model system, with a focus on induced and natural direct reprogramming (aka Td).

What are the cellular and molecular mechanisms underlying natural and induced direct reprogramming? {#s23}
---------------------------------------------------------------------------------------------------

The worm allows for systematic genetic analyses, a powerful tool, which, combined with candidate approaches and cellular analyses, has and further will allow the steps and the requirements to change the initial identity involved to be deciphered, including barriers and drivers, the importance of cell division, any potential requirement for transient reversal to a lineage-related progenitor/stem cell-like state, and the redifferentiation process.

Do the mechanisms of reprogramming differ between different cell types? {#s24}
-----------------------------------------------------------------------

The field still awaits a systematic side-by-side comparison of different Td events in a given species. Several cell type-specific characteristics could impact the process. For instance, overexpression of a given TF does not lead to reprogramming of all cell types ([@bib38]), possibly pointing to different mechanistic paths. In addition, some natural Td events appear to involve cellular division, while others do not. The actual requirement and contribution of cell division, or of DNA synthesis, to reprogramming and whether it reveals mechanistic differences remains to be determined. Of note, studies on the microevolution of the vulva in nematodes ([@bib164]; [@bib50]) have shown that different mechanistic strategies can lead to the same end point. A related question is to examine to what extent are redirection of a cell's commitment (*i.e.*, transdetermination) and Td mechanistically related. In addition, it may be informative to compare germ and somatic cells. Indeed, how is germline multipotency regulated and how are germ cells protected from reprogramming? Are these mechanisms similar to how the differentiated state of somatic cells is maintained?

Are the steps, molecular and cellular processes in natural *vs.* induced reprogramming identical, overlapping, or entirely distinct? Since the end point between different reprogramming events varies (from diverse differentiated identities to a pluripotent one), it is likely that aspects such as those involved in redifferentiation will differ between reprogramming events. However, it is conceivable that all reprogramming events, natural and induced, require the proper erasure of the initial identity and that the networks allowing this erasure share common features. In fact, the finding that homologous factors are involved in both erasure of the initial identity during natural Td in worms and in the induction of pluripotent reprogramming in mammals argues for the possibility that general principles underlying the cellular plasticity of the differentiated identity may be found ([@bib85]; [@bib8]). Further studies should shed light on whether shared mechanisms will be found and whether induced reprogramming events borrow from mechanisms that naturally exist.

Does reprogramming occur through gradual, continuous process or discrete steps? {#s25}
-------------------------------------------------------------------------------

We tend to view differentiation as an incremental process represented by a continuum of very close states, both at the cellular and molecular levels. This view has been very much influenced by the classical representation of differentiation along, for example, the hematopoietic lineage in vertebrates. Does reprogramming, and direct reprogramming in particular, proceed similarly? Related, is a pluri/multipotent intermediate necessary? While some studies of cell populations have suggested a gradual morphing from one identity into another, with some mixed intermediate features after direct reprogramming is triggered ([@bib200]), studies at the single-cell level in the worm suggest a process that involves clear ruptures from one state to the other ([@bib136]). Subsequent transcriptomic analysis on mammalian cell populations induced to directly reprogram have given support to this hypothesis (*e.g.*, [@bib41]), and single cells transcriptomic data are expected to bring more answers to this debate. Determining the cellular and molecular states and the nature of their transitions involved during direct reprogramming, may have a broader conceptual impact as it may change as well how we conceptually view the natural differentiation process.

What is the range of cell types that can be reprogrammed? {#s26}
---------------------------------------------------------

All cell types that have been used for pluripotent reprogramming have yielded the production of iPS, albeit with a very low efficiency. However, specific inducing cues used for direct reprogramming have sometimes been successful at reprogramming of given cell types but not others, suggesting that a given reprograming cue does not have the same efficiency in different cell types ([@bib38]; [@bib200]; [@bib138]). This may be due to the intrinsic cellular context, the micro- and macro-environment, or a combination of both. In addition, the induced reprogramming efficiency is very low, with only some cells in the population seemingly more amenable to changing their identity while most cells do not. It is thus important to address what makes a cell amenable to reprogramming, whether some cells are more prone to it, and why, as this will determine if there are limits to the cellular repertoire that can be targeted for reprogramming, or if any cell can be converted into any other cell type.

To what extent does functional or lineal relatedness predispose cells to reprogramming into a particular cell type? {#s27}
-------------------------------------------------------------------------------------------------------------------

In other terms, does the initial identity of a cell influence what its final identity can be? For instance, identity swaps between different cell types within the same germ layer, or between cells that perform similar functions, such as epithelia, could be more readily implemented. Many of the described reprogramming events that occur naturally during development involve a switch of identities within one germ layer, suggesting that such events might be more easily evolvable ([@bib153]; [@bib115]; [@bib81]; [@bib163]; [@bib60]). However, examples of *trans*-germ layer reprogramming have been described, albeit with low efficiency, when experimentally induced ([@bib185]), suggesting that germ-layers boundaries can be crossed, at least experimentally. But if there are barriers to reprogramming, does the strength of these barriers increase with the degree of unrelatedness between the final identity and the initial one? Alternatively, it could be that related cell types share factors and properties that maximize the action of a given inducing cue when experimentally forcing reprogramming of one into the other. Such investigations will determine whether there are limits to the repertoire of final reprogrammed identities for each starting cell type.

Current Road Blocks, Conceptual Relevance, and Experimental Contribution of *C. elegans* {#s28}
========================================================================================

A number of technical road blocks exist that have slowed down obtaining answers to the questions listed in the previous section. A major limitation at the base of many controversies in the direct reprogramming field relates to the ability (or lack thereof) to trace reprogramming events at the single cell level, and unambiguously assess the lineal relationship between the initial and the final identity. Indeed, such an unambiguous relationship is required to exclude that the initial cell population was not homogenous and contained undetected progenitors of the final identity. Accurate cell-tracing is still a challenge in many models, and, when such tools are available, relies on the reliability of these tools for following precise cells over time. For instance, when based on the use of a promoter that labels a cell population, detailed knowledge is required regarding the range of cell identities, especially within a lineage, that this promoter labels. Another limitation is that *in vivo* Cre-Lox label-retaining approaches can be subjected to variations ([@bib31]). In addition, the accessibility and transparency of the region observed to tracing and imaging of transdifferentiating cells over time are other important factors that arise in *in vivo* analyses. Furthermore, the efficiency of reprogramming influences the ability to predict which cells will be reprogrammed. Indeed, apart from a few instances that stand out ([@bib197]; [@bib41]), induced direct reprogramming efficiency is usually low, and synchronization of the process can be an issue. This low efficiency precludes easily following and imaging the process at the single-cell level. Thus, while population studies can be performed, events or molecules that are unique to the few reprogramming cells in this population may be masked. It is expected that the availability of sensitive approaches that can be performed at the single cell level on multiple cells at once, such as Next Generation Sequencing, will greatly improve the ability to study direct reprogramming dynamically. These challenges have slowed down the ability to study the process, the early steps in particular, and to elucidate the molecular and cellular mechanisms underlying it. Another crucial aspect is the ability to obtain, and be able to assess the completeness of the cell type conversion, both at the genetic and epigenetic levels. This may affect aspects of the functionality of the cell made, as well as its stability over time. Finally, this stability of the final cell, in particular when in a physiological, multi-signal environment, and long after any inducing cue has been removed, is a crucial aspect to evaluate, especially when translational applications are envisioned.

C. elegans-specific features provide unique assets to study Td {#s29}
--------------------------------------------------------------

Above all, the knowledge of the detailed and stereotyped somatic lineage ([@bib166]; [@bib167]; [@bib193]) of the worm, and its associated cellular anatomy, provides unique and unmatched advantages: whether natural or induced direct reprogramming is studied, the cells that have changed their identity can be unambiguously identified, as well as the variability of the process in terms of the number of these cells or their identity, from one experiment to another. The early description of the lineage subsequently made it possible to identify many cell- and tissue-specific markers, further increasing the investigator's ability to study each identity's characteristics. In addition, owing to the complete transparency of the worm, the process can be followed in live animals, over time, in given cells. Important questions such as the function of the naturally transdifferentiated cells and their physiological integration, or the ageing properties of the experimentally or naturally converted cell, can thus be directly examined *in vivo*.

One of the key advantages of the worm, besides knowledge of its cellular lineage, is its amenability to genetic studies. This enables not only the testing of candidates using existing mutants, newly engineered ones via the CRISPR-Cas9 technology, or using reverse genetic approaches including RNAi, but, importantly, it enables the identification of genes involved in the process without preconceived ideas, by conducting large-scale forward genetic screens. Such systematic, intensive screens have proven time and again their power to unravel novel concepts and molecular players ([@bib84]; [@bib125]; [@bib66]). In addition, owing to the availability of live fluorescent reporters, these screens can be designed to target one or a few specific cells, as well as to target specific steps or time points in a process. This brings an unparalleled level of precision and allows an effective mutant analysis process as relevant primary mutations directly affecting the process are more likely to be isolated.

We should bear in mind, however, that there are a number of limitations associated with the model: while *C. elegans* is very amenable to *in vivo* studies, the lack of a long-term cell culture system has limited the ability to study Td *in vitro*. In addition, owing to the cuticle of the worm acting as an exoskeleton, as well as to the small size of cells and nuclei, cell or nucleus transplantations are not currently possible. This limitation precludes a number of useful tests on cells' reprogramming abilities and functionality. Nuclear transfers would be very useful to assess for instance the reprogramming capacity of a naturally transdifferentiating cell's content. Moreover, cellular transplantation of an experimentally induced reprogrammed cell into the tissue corresponding to its final identity would be very powerful to test whether it can function as such. And transplantation of a naturally transdifferentiating cell at different locations, or at the same location but at different developmental stages would make it possible to test the impact of the micro-environment. It is hoped that the technology for such micro-transplantations will become available in the future to expand the available tools. Of note, blastomere isolation and recombination have been used ([@bib63]), which, combined with our increasing abilities to purify single cells from whole worms using a combination of fluorescent markers, may allow some of these tests to be performed.

Overall relevance and how *C. elegans* *contributes new concepts and paradigms* {#s30}
-------------------------------------------------------------------------------

One important question is whether the study of particular reprogramming events in the worm (or in any given organism) will yield general insights into cellular plasticity that will apply to other reprogramming events within the same species and across phyla. More than a century of work on small model organisms, such as yeast, *Drosophila*, and, more recently, *C. elegans*, have shown that the fundamental principles governing the cell's organization, identity acquisition, and function are very similar across species, and shared with mammalian cells. As we will see below, the study of the maintenance, or of the reprogramming, of cellular identity in the worm is also very likely to highlight general cellular principles. Owing to the attributes of the worm, answers to a number of critical questions have emerged in the last decade that examine all issues related to the control of cellular potential and identity at different developmental stages: how is the latent pluripotency in the embryo controlled?

Natural Reprogramming in the Worm {#s31}
=================================

During the last decades, several instances of natural reprogramming have been described in the worm ([Figure 3](#fig3){ref-type="fig"}). These include extensive (rectal-to-neuronal, glial-to-neuronal) and possibly (neuronal-to-neuronal) mild identity changes.

![Schematic representation of the demonstrated and putative natural transdifferentiations in the worm. The initial and final identities, as well as their approximate localization in the worm are shown. Blue, pharynx; dark gray, intestine; purple, germline; green, uterus. Individual cells are represented as colored dots; red: rectal Y cell, green: amphid socket (AMso), in the male; dark green: G1 and G2 excretory pore cells; turquoise: rectal K cell; blue, DD neurons; dark blue: MSaaaapa cell; yellow: phasmid socket T cell. Anterior is to the left, and ventral to the bottom.](723f3){#fig3}

A rectal-to-neuronal cell identity conversion {#s32}
---------------------------------------------

The rectum is a tube formed during embryogenesis and made of six cells, organized in three rings of two cells each (<http://www.wormatlas.org/hermaphrodite/rectum/Rectframeset.html>). The cells that form the rectum, named Y, B, U, F, K, and K' ([Figure 4](#fig4){ref-type="fig"}), are born in the embryo ∼300 min after fertilization ([@bib167]). In hermaphrodites, they mostly remain rectal cells until the death of the animal. The Y cell, however, has an extraordinary behavior: by the end of the L1 larval stage, it will retract from the rectum, migrate away, and transform into a specific motoneuron, named PDA ([Figure 3](#fig3){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"}). PDA extends a ventral axon posteriorly, and, after a commissure to the dorsal side of the animal, extends its axon toward the head of the worm and its synapses onto dorsal muscles ([@bib193]; [@bib81]). This transformation represents a *bona fide* natural Td event ([@bib81]): their appearance as observed using Differential Interference Contrast (DIC), their electron microscopy characteristics, and the analysis of the molecular markers expressed in Y and PDA show that these represent two distinct cellular identities ([@bib167]; [@bib81]). It is interesting to note that this direct reprogramming event occurs in absence of cell division.

![Rectal-to-neuron transdifferentiation. Rectal Y-to-PDA neuron Td occurs through a succession of discrete steps, including a dedifferentiation step, where the cell is stripped of its initial rectal identity without acquiring more cellular potential, followed by apparent step-wise redifferentiation into the PDA neuron. This succession of cellular steps is mirrored at the molecular level by step-specific combinations of histone modifier complexes (outlined in dashed green), such as [JMJD-3.1](https://identifiers.org/bioentitylink/WB:WBGene00017571?doi=10.1534/genetics.119.302333) and the [SET-1](https://identifiers.org/bioentitylink/WB:WBGene00004781?doi=10.1534/genetics.119.302333)/MLL complex, and transcription factor complexes (outlined in dashed blue) such as a NODE-like + [SOX-2](https://identifiers.org/bioentitylink/WB:WBGene00004949?doi=10.1534/genetics.119.302333) complex, and the [UNC-3](https://identifiers.org/bioentitylink/WB:WBGene00006743%3fdoi=10.1534/genetics.119.302333)/COE TF.](723f4){#fig4}

### Y-to-PDA Td: cellular steps, molecular processes: {#s33}

To test potential external influences, the impact of the neighboring cells on this process was tested. Ablation experiments suggested that individual rectal cells did not influence the ability of the Y cell to change its identity ([@bib81]). It was determined that migration of Y away from the rectum did not provide a needed micro-environment that would promote its cell type conversion, as inhibition of its migration did not preclude Td into a PDA neuron. In addition, while Y retraction from the rectum is concomitant with its replacement by the newly born P12.pa cell, both events are independent ([@bib81]). In addition, the control of the timing of this Td event remains unclear, and the heterochronic pathway does not appear to be involved ([@bib81]). Thus, no immediate external influences have been identified. To identify the intrinsic and putative extrinsic mechanisms underlying Y natural Td ([Table 1](#t1){ref-type="table"}), forward and reverse genetic screens have been carried out. The design of these screens has made it possible to target this event at the single cell level, and to target all possible steps of this process, by using transgenic animals where the final PDA identity is labeled, then looking for animals unable to make the PDA neuron in the progeny of mutagenized worms ([@bib202]). Additionally, screens targeting the early events, before the Y cell leaves the rectum, have also been designed. Such screens take advantage of transgenic animals where the initial Y rectal cell is labeled, making it possible to look for animals unable to initiate Td after gene inactivation ([@bib85]).

###### Necessary factors for natural transdifferentiation in *C. elegans*

  Natural transdifferentiation                                                                                                 
  ------------------------------------------ ------------------- -------------------------------- ---------------- ----------- ----------
  Y-to-PDA                                   *sox-2*             Initiation of Td                 Homeodomain TF   SOX2        [@bib85]
  *ceh-6*                                    Initiation of Td    Pou domain TF                    POU3F4/OCT       [@bib85]    
  *sem-4*                                    Initiation of Td    ZnF TF                           SALL             [@bib81]    
  [@bib85]                                                                                                                     
  *egl-27*                                   Initiation of Td    BAH, ELM2, SANT coregulator      MTA1             [@bib85]    
  *egl-5*                                    Initiation of Td    Homeobox TF                      HOX              [@bib81]    
  [@bib85]                                                                                                                     
  SET1 complex                               Initiation of Td    H3K4 methyltransferase complex   SET1/MLL         [@bib204]   
  Redifferentiation                                                                                                            
  *unc-3*                                    Redifferentiation   HLH TF                           COE              [@bib136]   
  *jmjd3.1*                                  Redifferentiation   H3K27 demethylase                JMJD3            [@bib204]   
  *lin-12*                                   Competence to Td    EGF repeats TM receptor          NOTCH            [@bib81]    
  T. Daniele and S.J., unpublished results                                                                                     

### Transition occurs through discrete cellular steps: {#s34}

In several instances of TF-induced direct reprogramming, expression of markers of the target tissue can be obtained, but the original expression program is not completely switched off ([@bib190]; [@bib108]). These incompletely reprogrammed cells suggested that transition through a mixed identity may occur. The *C. elegans* mutants retrieved in the first screen described above presented several phenotypes, suggesting that different steps existed that may be affected ([@bib202]; [@bib136]). By contrast, no intermediate with a mixed rectal-epithelial/neuronal identity was detected ([@bib136]). A dynamic assessment of the Y cellular transition at the single cell level was further performed to elucidate the exact cellular steps of Y Td. These detailed analyses revealed that the Y cell transitions through distinct discrete identities, the first involving the complete erasure of the initial rectal identity. This apparent dedifferentiation is not coupled to an increase in cellular potential, as overexpression of cell fate determinants that reprogram the early embryo were not able to convert the Y cell at any stage in the process ([@bib136]). After this dedifferentiation phase, redifferentiation takes then place in a step-wise manner that may mimic developmental neural differentiation and requires the [UNC-3](http://www.wormbase.org/db/get%3fname=WBGene00006743;class=Gene)/EBF transcription factor ([@bib136]). Thus, cell type conversion does not necessitate transition through a pluripotent ground state to be complete and no stable intermediate is generated ([Figure 4](#fig4){ref-type="fig"}).

### Initiation is controlled by conserved nuclear factors: {#s35}

Four conserved nuclear factors have been identified that are each crucially needed for the initiation of Y Td and are found to interact in a complex ([Figure 4](#fig4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}): [*sox-2*](https://identifiers.org/bioentitylink/WB:WBGene00004949?doi=10.1534/genetics.119.302333), [*ceh-6*](https://identifiers.org/bioentitylink/WB:WBGene00000431?doi=10.1534/genetics.119.302333)*/Oct*, [*sem-4*](https://identifiers.org/bioentitylink/WB:WBGene00004773?doi=10.1534/genetics.119.302333)*/Sall*, and [*egl-27*](https://identifiers.org/bioentitylink/WB:WBGene00001194?doi=10.1534/genetics.119.302333)*/Mta* ([@bib85]). Their mammalian counterparts are individually known to impact on mouse ES cells pluripotency and to associate with (SOX2) or as (OCT4, SALL4, and MTA1) NODE complex members ([@bib95]). Their activity in a natural cellular plasticity process in the worm suggest (i) that nuclear events are key for the dedifferentiation step, and (ii) that these four factors may together represent a conserved plasticity cassette. While strictly required for the dedifferentiation step, these factors are expressed in the other rectal cells that never change their identity, and are thus likely to provide a permissive context for Y Td rather than an inductive cue ([@bib85]). This may be true in mammals as well, as recent studies have used ectopic pluripotency factors such as OCT4 and SOX2 to increase the efficiency of the induced direct reprogramming process ([@bib170]; [@bib45]; [@bib88]). Taken together, these data suggest that a conserved function of the combination of these factors is to "open" the cell's ability to initiate a reprogramming event, rather than systematically inducing reversion to a pluripotent state. It further opens the intriguing possibility that pluripotent reprogramming may highjack mechanisms that in fact naturally exist.

### Invariance of natural Td is ensured by successive layers of histone modifying activities: {#s36}

A striking aspect of natural Td is its associated efficiency and reproducibility. For instance, lens regeneration in newt has been shown to occur perfectly after 19 successive lensectomies over a span of 16 years ([@bib161]). Similarly, Y Td is consistently observed in all wild-type animals, irrespective of the culture conditions ([@bib204]). To probe the mechanisms that underlie the invariance and efficiency observed in natural conversions of one cell type into another, weakly penetrant mutants affecting Y Td were examined. The reasoning was that the low penetrance in such mutants, when not due to redundancy with other activities or to partial loss-of-functions, may point to genes involved in ensuring a perfect process every time. This way, multiple, conserved histone-modifying activities (JMJD3, SET1) acting on distinct lysines of histone H3 were found to mediate invariant cell conversion. Importantly, these activities were involved dynamically at different steps of the process, and the balance between different methylation marks appeared determinant for progression through Td. Genetic and biochemical analyses, as well as the use of a photo-convertible fluorescent protein, showed that partitioning of these histone-modifying activities is achieved through the active and timely regulation of nuclear [JMJD-3.1](http://www.wormbase.org/db/get?name=WBGene00017571;class=Gene) protein levels and phase-specific association with critical TFs that have conserved roles in cell plasticity (*i.e.*, the NODE-like complex member and [SOX-2](http://www.wormbase.org/db/get?name=WBGene00004949;class=Gene)) or terminal fate selector (*e.g.*, [UNC-3](http://www.wormbase.org/db/get%3fname=WBGene00006743;class=Gene)) ([@bib204]) ([Figure 4](#fig4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). It is noteworthy that these associations may represent conserved roles for these histone modifiers in mammals, as WDR5, a member of the SET1 complex, associates with OCT4 during the initial phases of pluripotent reprogramming ([@bib4]); moreover, JMJD3 is required for adult neuronal differentiation, a process that resembles a Td, in line with its activity during the redifferentiation phase of Y Td ([@bib123]). Finally, SET1-dependent H3K4me3 methylation and JMJD-3-dependent H3K27me3/me2 demethylation were found to be not only necessary for optimal Td, but also critical to provide protection against variations that may be encountered in the worm's natural environment, thus ensuring the robustness of cell conversion under suboptimal conditions ([@bib204]). Together with the findings that TFs are critical for the process ([@bib85]), these data suggest a model where key TFs drive the conversion of cell identity through the different phases of dedifferentiation and redifferentiation while the interplay of different histone modifications ensures its invariance.

MCM neurons arise from the amphid socket cells in males {#s37}
-------------------------------------------------------

More recently, a second putative natural Td event has been reported in *C. elegans* ([Figure 3](#fig3){ref-type="fig"}), when a novel class of neurons was discovered ([@bib143]). These two neurons, named MCM, arise in males during the late L3 stage and appear to be fully differentiated in L4 larvae. Thus, the MCM neurons, which have been shown to be necessary for sex-specific learning, are made timely, when males undergo sexual maturation and their behavior changes. Examination of an S-phase reporter, together with ablation experiments. showed that the MCMs originate from the division of the two amphid socket (AMso) cells ([@bib143]). Amphid sockets, equated to glial cells, are support cells of the head sensilla, which wrap around the distal end of the latter and form the junction with the hypodermis on the left and right side of the worm (<http://www.wormatlas.org/hermaphrodite/neuronalsupport/Neurosupportframeset.html>, ([@bib155]). While AMso cells do not divide in hermaphrodites, each AMso cell in males generates two daughters with asymmetric fates: one remains the adult AMso, and the other becomes an MCM neuron. Interestingly, this sex-specific process is intrinsically poised by the status of the sex-determination pathway in the AMso cells. Are AMso differentiated cells with a specialized function before they divide? Although function *per se* is difficult to assess, each mother AMso cell appears fully differentiated, exhibits the same morphology as in hermaphrodites or as the male adult ones, and expresses socket-specific markers. By contrast, becoming a MCM neuron, one daughter cell no longer shows expression of socket markers, and exhibits a new neuronal morphology ([@bib143]). Thus, while the mechanisms underlying this conversion, including the significance of the potentially asymmetric cell division, remain to be assessed, it appears that natural Td in *C. elegans* may include both events occurring in absence of cell division, and events including a cell division. Determining the impact of the cell division on the process and their possible shared mechanistic aspects will constitute future interesting questions.

Other putative plasticity events {#s38}
--------------------------------

Examination of the embryonic or larval lineage of the worm ([@bib166]; [@bib167]) suggests additional putative Td events ([Figure 3](#fig3){ref-type="fig"}). For instance, the embryonic cell lineage revealed the production of neurons by the MS (mesodermal) lineage. MSaaaapa gives rise to the I4 pharyngeal neuron and its sister the pm5 pharyngeal muscle. A combination of two independent pathways, involving [*hlh-3*](https://identifiers.org/bioentitylink/WB:WBGene00001950?doi=10.1534/genetics.119.302333) and [*hlh-2*](https://identifiers.org/bioentitylink/WB:WBGene00001949?doi=10.1534/genetics.119.302333), is both necessary in the embryo for the anterior MSaaaapa daughter to become the I4 neuron, and sufficient to induce, at least transiently, the widespread expression of pan-neural transgenes in embryos or in other muscle and hypodermal cells of young larvae ([@bib98]). While the precise identity and differentiation status of the MSaaaapa mother and the extent to which its MSaaaapaa daughter is a mesodermal cell after its birth, and prior to adopting the I4 neuronal fate, remain to be determined, the formation of a neuron in this mesodermal lineage could represent an additional example of cellular plasticity in the worm. It should be noted that when the Td process includes a cell division, it will be important to rule out that asymmetric division *per se*, rather than Td, is enough to allow one daughter to adopt a different fate.

During larval development, a number of cells---the postembryonic "blast" cells---further divide to give rise to one or two daughter cells with a new cell type ([@bib166]). Among these, a handful of blast cells appear to participate as a functioning part of an organ, indicative of a specialized function. Nonetheless, they divide, often only once, and produce cells of a different type. Of particular interest are the excretory pore G1 and G2 cells, the putative phasmid socket T cell, and the rectal K cell. The G1 pore cell is formed during embryogenesis ([@bib167]). This epithelial cell forms a small unicellular tube through a wrapping mechanism and establishment of autocellular junctions ([@bib1]). In the middle of the L1 stage, the G1 pore delaminates to divide and give rise to two neurons ([@bib166]; [@bib124]). The G2 cell concomitantly undergoes wrapping and establishes autocellular junctions to become the new excretory pore cell, until it divides and is replaced by its posterior daughter ([@bib166]; [@bib168]). The very different and specialized morphologies, functions, and marker expression of the G1, G2, and G2.p epithelial cells on one hand, and their neuronal daughters or sister on the other suggest that these cells undergo Td ([@bib168]; C. Riva and S. J., unpublished results). Similarly, ultrastructural, morphological, and molecular studies suggest that the rectal K cell, which divides around the end of the first larval stage to give rise to a daughter that adopts the rectal identity and a daughter that adopts the DVB neuronal identity, also undergoes Td ([@bib166]; [@bib193]; C. Riva, C. Gally, H. Hajduskova, and S. J., unpublished results). Additional Td events include the formation of the PDA neurons in males, which occurs through the division of the Y cell, and the formation of neurons and glial cells in phasmid socket cells (T) lineage in hermaphrodites ([@bib166]; C. Riva and S. J., unpublished results).

Finally, other plasticity events have been described in the worm that may represent more of a functional reprogramming than an identity change *per se*. Such events include the rewiring of the Dorsal D motoneurons during the L1 larval stage. During this stage, new ventral motoneurons (called VD neurons) develop, that will make synapses onto the ventral body wall muscles (BWM). Concomitantly, in a striking example of neuronal plasticity ([Figure 3](#fig3){ref-type="fig"}), extensive rewiring of the DD motoneurons occurs around the L1 molt, leading to the elimination of their ventral synapses (and input), and the formation of new synapses (and input) onto the dorsal BWM ([@bib192]). This intralineage functional plasticity appears to be a genetically coordinated event in both presynaptic and postsynaptic partners ([@bib55]), and, thus, to be genetically programmed in the worm, very much in line with the swap in photoreceptor type or the switch from larval to adult cardiac myocytes that are observed during metamorphosis in the fly ([@bib115]; [@bib163]). Further investigations will be needed to determine if these narrower cellular plasticity events represent a simpler version of more dramatic Td events, or if they rely on fundamentally different strategies.

Induced Reprogramming in the Worm {#s39}
=================================

There are documented examples in *C. elegans* of experimentally induced reprogramming from germline-to-soma, soma-to-germline, and soma-to-soma identities. These reveal both cytoplasmic and nuclear contributions to cellular identity maintenance and plasticity.

Germline-to-soma {#s40}
----------------

The germline is the only tissue in bilaterian animals that is ultimately capable of producing all three somatic germ layers formed during embryogenesis. In *C. elegans*, as in other animals in which the germline is set aside starting at the earliest stages of development, it is also a *bona fide* immortal lineage that is passed from one generation to the next without passage through any somatic lineages. A number of maternally inherited transcripts are actively transcribed in developing germline cells. These transcripts, which will be packaged into mature oocytes, encode factors that initiate programs of somatic differentiation in the early embryo. Thus, there must exist mechanisms that ensure that germ cells do not translate these somatic differentiation factors from the accumulated maternal transcripts, thereby preventing premature somatic differentiation prior to the initiation of embryonic development by fertilization.

### Cytoplasmic control of cell fate in the germline {#s41}

Studies of the repression of somatic differentiation in the *C. elegans* germline have revealed critical regulatory mechanisms that act at the level of the cytoplasm. Indeed, the first studies to elucidate mechanisms that preclude somatic gene expression and differentiation in the germline demonstrated that translational inhibition is a major level at which somatic differentiation is blocked in the germline ([Figure 5](#fig5){ref-type="fig"} and [Figure 6](#fig6){ref-type="fig"}).

![Schematic representation of the known experimentally induced transdifferentiations in the worm. The initial and final identities, as well as their approximate localization in the worm are shown. Blue, pharynx; dark gray, intestine; purple, germline; green, uterus, blue dot, somatic gonad AC cell. *lf*, loss-of-function; KD, RNAi-mediated knock down; OE, overexpression; TF, transcription factor. Anterior is to the left, and ventral to the bottom.](723f5){#fig5}

![Germ-to-soma transdifferentiation. Translational repressors and chromatin complexes safeguard the *C. elegans* germline identity: (1) In mutants for translational repressors or H3K4 methylation, listed in the blue box, germ cells (blue ovals) adopt several different somatic fates and resemble neuron (green cells) or muscle (beige cells)-like cells. Note that the germ-to-soma conversion seen in [*set-2*](https://identifiers.org/bioentitylink/WB:WBGene00004782?doi=10.1534/genetics.119.302333) and [*hrde-1*](https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1534/genetics.119.302333) mutants, members of the SET1 complex, arises progressively over several generations. (2) After knock down by RNAi of one of the following chromatin factors \[[*lin-53*](https://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333), [*mes-2*](https://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333), *-3*, *-4*, *-6*, [*mrg-1*](https://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333), [*hmg-3*](https://identifiers.org/bioentitylink/WB:WBGene00001973?doi=10.1534/genetics.119.302333); purple box\], overexpression (OE) of a developmental regulator transcription factor (TF; white lettering) leads to specific germ-to-soma conversion: [*che-1*](https://identifiers.org/bioentitylink/WB:WBGene00000483%20%3Fdoi=10.1534/genetics.119.302333) OE leads to ASE-like neuronal fate; [*unc-30*](https://identifiers.org/bioentitylink/WB:WBGene00006766%3fdoi=10.1534/genetics.119.302333) OE to a GABAergic neuronal-like fate; [*unc-3*](https://identifiers.org/bioentitylink/WB:WBGene00006743%20%3fdoi=10.1534/genetics.119.302333) OE to a cholinergic neuronal-like fate and [*hlh-1*](https://identifiers.org/bioentitylink/WB:WBGene00001948%20%3fdoi=10.1534/genetics.119.302333) OE leads to a muscle-like fate.](723f6){#fig6}

Two translational regulators, [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) and [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333), both KH-domain-type RNA binding proteins ([@bib43]; [@bib83]) that function to regulate lineage-specific fates during early embryonic development ([@bib43]; [@bib116]) are also key repressors of somatic differentiation in the totipotent adult germline ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}, and Table 2) ([@bib29]). [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333), which controls the transition of proliferating mitotic cells emerging from the stem cell niche into meiosis, is expressed along the distal and central region of the meiotic germline ([@bib83]). [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003229?doi=10.1534/genetics.119.302333) is present in a complementary pattern proceeding from the proximal end of the [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) expression domain through the proximal gonad, where it persists through the completion of oogenesis and into the early embryo ([@bib43]; [@bib28]; [@bib116]). [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) functions critically in the control of the switch from mitotic germline proliferation in the distal gonad into meiosis and initiation of germ cell differentiation ([@bib51]). [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) represses [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) expression in the germline ([@bib28]; [@bib116]), raising the possibility that any potentially redundant role of [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) and [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) in other processes might be masked by derepression of [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) in the absence of [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333). Indeed, it was found that simultaneous removal of both factors results in the appearance of a new phenotype---the presence of germline teratomas---in which clusters of differentiated cells characteristic of the three germ layers, including intestine, neurons, and both body wall and pharynx muscles, appear in the regions of the gonad in which germline meiosis and differentiation normally occur ([@bib29]). This effect is also seen at a much lower frequency in [*gld-1*](https://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333)*(−)* single mutants ([@bib29]). Thus, the combined action of the [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) and [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) translational regulators prevents premature activation of the embryonic program of somatic differentiation during germline development. It is interesting to note that one of the known targets of the [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) RNA binding protein is the worm homolog of the human pluripotency-inducing factor SOX2 ([@bib122]), providing additional support for possible conservation of mechanisms that either maintain totipotency or promote cellular plasticity across metazoans. The absence of [MEX-3](http://identifiers.org/bioentitylink/WB:WBGene00003221?doi=10.1534/genetics.119.302333) and [GLD-1](http://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333) results in elimination of P granules in parallel with derepression of somatic differentiation in the germline, raising the possibility that the latter is attributable to loss of P granules *per se*, as has been reported in subsequent findings (see below).
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Regulation of developmental plasticity in the germline at the cytoplasmic level also occurs during the oocyte-to-embryo transition. The heterochronic gene [*lin-41*](https://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333), which was originally identified based on its requirement in regulating the timing of stage-specific developmental events in late larval development ([@bib158]; [@bib176]), is required to prevent somatic differentiation in developing oocytes ([@bib176]). [LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) is a cytoplasmic protein containing a TRIpartite Motif (TRIM) with a RING finger domain, B box, and coiled-coil domain (RBCC protein), and an NHL ([NCL-1](http://identifiers.org/bioentitylink/WB:WBGene00003559?doi=10.1534/genetics.119.302333), HT2A, [LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333)) domain. In the context of germline development, [*lin-41*](https://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) mutations were identified in a screen for mutants with proximal germline expression of *vet-4/[pes-2.1](https://identifiers.org/bioentitylink/WB:WBGene00003977)*, a gene whose expression is normally initiated very early in embryogenesis ([@bib154]; [@bib14]). This phenotype appears to reflect a general derepression of RNA polymerase II transcription in oocytes, which are normally transcriptionally quiescent, as the initiation form of the enzyme (which contains a phosphorylated Ser5 on the C-terminal domain) is present in the proximal germline in [*lin-41*](https://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) mutants, but not wild-type animals ([@bib176]). Moreover, embryonic transcripts for a variety of cell types, including those associated with muscle, intestine, and neurons, which are normally absent in the germline, are expressed in these proximal cells, concomitant with formation of germline teratomas ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}, and Table 2). The proximal germline cells also inappropriately switch from meiosis to mitosis and show persistent centrosomes, characteristic of early embryonic cells rather than cells undergoing oogenesis. These effects are associated with loss of germline identity, based on loss of expression of germline proteins that normally persist throughout the germline and that are not degraded until early embryogenesis.

[LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333), and its TRIM-NHL relatives in other phyla, perform apparently evolutionarily conserved roles in controlling developmental plasticity across metazoans, in particular in regulating the balance between self-renewal and differentiation ([@bib121]). The Drosophila TRIM-NHL protein Mei-P26 functions in the ovarian stem cell lineage to regulate growth and proliferation and the Brat ("Brain Tumor") gene represses self-renewal and growth during brain development in fly larvae ([@bib13]). In both cases, removal of the protein results in tumor formation ([@bib13]; [@bib21]; [@bib120]). Another relative in mouse, TRIM32, also regulates self-renewal *vs.* differentiation in neural progenitors in part by activating expression of the murine [*let-7*](https://identifiers.org/bioentitylink/WB:WBGene00002285?doi=10.1534/genetics.119.302333) microRNA ([@bib151]); however, in that context, it promotes differentiation and inhibits proliferating progenitor fate. In the *C. elegans* heterochronic pathway, the [*lin-7*](https://identifiers.org/bioentitylink/WB:WBGene00002996?doi=10.1534/genetics.119.302333) microRNA inhibits [LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) expression, allowing for terminal differentiation ([@bib135]; [@bib183]). However, while the [*let-7*](https://identifiers.org/bioentitylink/WB:WBGene00002285?doi=10.1534/genetics.119.302333)/[*lin-41*](https://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) relationship has been proposed to be a conserved regulatory mechanism for self-renewal *vs.* differentiation, [*let-7*](https://identifiers.org/bioentitylink/WB:WBGene00002285?doi=10.1534/genetics.119.302333) does not appear to be required for [LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333) function in preventing somatic differentiation in the germline. Although [LIN-41](http://identifiers.org/bioentitylink/WB:WBGene00003026?doi=10.1534/genetics.119.302333), as with other TRIM-NHL proteins, regulates self-renewal *vs.* differentiation (as a heterochronic function) in somatic cells, reminiscent of its role in repressing somatic differentiation in the germline, the protein appears to act through different mechanisms in the two tissues, as mutations that interfere with its presumed RNA binding activity in the soma do not prevent its germline activity ([@bib176]).

The acquisition of somatic differentiation in the germline is correlated with loss of the normally germline-specific P granules ([@bib29]; [@bib178]), raising the possibility that P granules may function in repressing somatic gene expression. Indeed, depletion of [PGL-1](http://identifiers.org/bioentitylink/WB:WBGene00003992?doi=10.1534/genetics.119.302333) and [-3](https://wormbase.org/species/c_elegans/gene/WBGene00003994#0-9g-3), which are required for cytoplasmic P granule nucleation, in conjunction with removal of [GLH-1](http://identifiers.org/bioentitylink/WB:WBGene00001598?doi=10.1534/genetics.119.302333) and [-4](https://wormbase.org/species/c_elegans/gene/WBGene00001601#0-9g-3), which are necessary for localizing P granules to the nuclear periphery, leads to derepression of somatic cell fates in the germline, including muscle and neuronal differentiation ([@bib180]). Derepression of a marker of neuronal gene expression ([*unc-119*](https://wormbase.org/species/c_elegans/gene/WBGene00006843#0-9g-3)::GFP) in these animals suggested that P granules inhibit both transcription and translation of somatic genes, as transcripts were detectable more widely in the germline than the GFP marker. While general neural gene expression is activated in these animals, markers for a variety of specific neuronal subtypes were undetectable, suggesting that the cells did not resolve into the range of neural types that are normally made during embryogenesis. However, the neuronal cells can be induced to express ASE-type neuronal fate by forced [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) expression in a [*lin-53*](https://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) mutant background ([@bib178]); thus, the germline can be induced to become not only generic neuronal cells but also specific neuronal cell types ([Figure 5](#fig5){ref-type="fig"}, [Figure 6,](#fig6){ref-type="fig"} and Table 2). In contrast to the hermaphrodite-specific effects in [*gld-1*](https://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333)*(−)*[*mex-3*](https://identifiers.org/bioentitylink/WB:WBGene00003229?doi=10.1534/genetics.119.302333)*(−)* animals ([@bib29]), depletion of P granule function causes somatic differentiation in both hermaphrodites and males, implying their broader action in repressing somatic gene expression in the germline. It should be noted that the role of P granules in the maintenance of cell fate is not clearly established, or whether the loss of P granules causes, or is a consequence of, reprogramming. Moreover, the presence of detectable P granules *per se* does not block reprogramming: [*csr-1*](https://identifiers.org/bioentitylink/WB:WBGene00017641?doi=10.1534/genetics.119.302333)(−) mutants, which contain abnormally large P granules ([@bib3]), show at least partial reprogramming ([@bib48]).

### Nuclear control of pluripotency in the germline and germline-to-soma reprogramming: {#s42}

Beyond translational control, what other molecular and cellular processes are sufficient to trigger cell type conversion? A number of studies in *C. elegans* have demonstrated a critical role for chromatin modification and epigenetic states, pointing to the important role of the nucleus in the regulation of germline pluripotency and repression of inappropriate somatic differentiation ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}, and Table 2). The potential of the germline to undergo premature somatic differentiation has been demonstrated, in specific genetic backgrounds, as a result of ectopic expression of TFs that direct the differentiation of particular neuron types ([@bib178]). In embryos, forced ubiquitous expression of [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333)---a zinc-finger transcription factor required for differentiation of the ASE gustatory neurons---results in widespread activation of a reporter under the control of [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) binding sites throughout the animal, but not Td of non-neuronal cells. It is noteworthy that forced expression in the larval and adult stages led to expression of ASE reporters only in very few head sensory neurons, suggesting that the ability to challenge cell fate decreases with age ([@bib178]; [@bib126]; [@bib33]). However, in animals in which [LIN-53](http://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333)---the *C. elegans* member of the chromatin remodeling RbAp46/48 retinoblastoma binding protein---is knocked down, [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) was found to induce Td of germline cells into ASE neuron-like cells in the mitotically proliferating zone ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}, and Table 2), as assessed using reporters and later on endogenous gene expression ([@bib178]). Knock down of [LIN-53](http://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) allows germline cells to inappropriately express neuronal cell fates more broadly: [UNC-3](http://www.wormbase.org/db/get%3fname=WBGene00006743;class=Gene), an EBF-like transcription factor required for production of two types of cholinergic motor neurons ([@bib130], [@bib131]), and [UNC-30](http://identifiers.org/bioentitylink/WB:WBGene00006766%3fdoi=10.1534/genetics.119.302333), a Pitx-type transcription factor that promotes the differentiation of GABAergic motor neurons ([@bib82]; [@bib27]) are both capable of activating differentiation into neuronal-like cells that express markers of their respective neuronal cell types in the germlines of [*lin-53*](https://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333)*(RNAi)* animals ([@bib178]). The activation of somatic differentiation in the pluripotent germline may parallel the normal progression of events during embryonic neurogenesis, as the pan-neural [*hlh-2*](https://identifiers.org/bioentitylink/WB:WBGene00001949?doi=10.1534/genetics.119.302333) gene, which is expressed throughout the developing embryonic neural tissue prior to terminal differentiation, is also expressed transiently in the germline during the germline-to-neuronal Td process ([@bib178]).

The histone chaperone family members that include [LIN-53](http://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) act with several distinct complexes that remodel chromatin through distinct mechanisms ([@bib46]). Polycomb Repressive Complex 2 ([@bib107]), formed by [MES-2](http://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333)/3/6 in worms, was also found to be required autonomously in the germline to block inappropriate neuronal differentiation activated by [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}, and Table 2) ([@bib127]). PRC2 directs H3K27 trimethylation, associated with repressed chromatin, and removal of [*mes-2*](https://identifiers.org/bioentitylink/WB:WBGene00003220?doi=10.1534/genetics.119.302333), [*3*](https://wormbase.org/species/c_elegans/gene/WBGene00003221#0-9g-3), or *-[6](https://wormbase.org/species/c_elegans/gene/WBGene00003224#0-9g-3)*, or [*lin-53*](https://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) results in loss of H3K27 trimethylation ([@bib10]). Methylation of H3K27 by PRC2 is opposed by H3K36 methylation, which excludes PRC2 from autosomes, and is mediated by [MES-4](http://identifiers.org/bioentitylink/WB:WBGene00003222?doi=10.1534/genetics.119.302333) ([@bib134]), a SET and PHD domain-containing histone methyltransferase ([@bib198]; [@bib58]). As seen with removal of PRC2 components, depletion of [MES-4](http://identifiers.org/bioentitylink/WB:WBGene00003222?doi=10.1534/genetics.119.302333) also allows [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333)-mediated activation of neurons in the germline, an effect postulated to result from the observed redistribution of H3K27me3 and depletion of this modification broadly on somatically expressed gene that would otherwise be silenced by appropriate distribution of this modification ([@bib127]). The potential of germline cells to undergo somatic differentiation in the absence of [LIN-53](http://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333)/PRC2 components is not limited to neuronal differentiation, as it was found that muscle differentiation could be induced in the germline through forced expression of [HLH-1](http://identifiers.org/bioentitylink/WB:WBGene00001948%3fdoi=10.1534/genetics.119.302333) in this background. [HLH-1](http://identifiers.org/bioentitylink/WB:WBGene00001948%3fdoi=10.1534/genetics.119.302333) is a member of the MyoD transcription factor family that is required for normal muscle differentiation in the animal ([@bib24]). Thus, as with the post-MCT embryo, where it acts to restrict developmental plasticity and block transdetermination (see above), PRC2 also functions to repress somatic differentiation in the germline.

The ability of PRC2 to block somatic gene expression in the mitotically proliferating (aka Mitotic Region or MR) zone of the germline is antagonized by [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3)/Notch signaling, which is essential for proliferation of undifferentiated germ cells in the distal stem cell niche ([@bib6]). In the absence of [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3)/Notch function, mitotically proliferating germ cells are eliminated, and the germline cannot be provoked to undergo somatic differentiation, consistent with the observation that germline-to-neuron Td is observed in the MR ([@bib178]). In contrast, hyperactivation of the [GLP-1](https://wormbase.org/species/c_elegans/gene/WBGene00001609#0-9g-3)/Notch receptor by a gain-of-function (*gf*) mutation, which results in excessive mitotic proliferation and germline tumors, increases the ability of these cells to undergo [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333)-activated neuronal differentiation in the absence of [LIN-53](http://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) ([@bib152]). Two lines of evidence suggest that this effect is not due merely to an increased cell number. Eliminating [LAG-1](http://identifiers.org/bioentitylink/WB:WBGene00002245?doi=10.1534/genetics.119.302333), the transcription factor that transduces the Notch signal was found to abrograte the enhanced germline-to-neuronal Td in the [*glp-1*](https://identifiers.org/bioentitylink/WB:WBGene00001609?doi=10.1534/genetics.119.302333)*(gf)* mutant. However, the excessive mitotic proliferation that arises in a [*gld-1*](https://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333)*(−)*; [*gld-2*](https://identifiers.org/bioentitylink/WB:WBGene00001596?doi=10.1534/genetics.119.302333)*(−)* double mutant independent of Notch signaling did not enhance this effect ([@bib152]). Both observations suggest that this effect of Notch signaling in enhancing Td of germline nuclei is separable from its role in promoting mitotic germline proliferation. Comparing these observations with those described above, it is apparent that Notch signaling can act either to inhibit developmental plasticity, as in the embryonic MCT, or to enhance it, in the proliferating germline.

The antagonistic action of Notch and PRC2 appears to be mediated through a common set of target genes, with an enrichment of target genes on the X chromosome, as a strongly overlapping set of genes was found to be upregulated in response to Notch signaling and in the absence of PRC2 function ([@bib152]). One such gene, [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333), which encodes a conserved H3K27me3 demethylase containing a JmjC domain, is essential for the enhancement of germline-to-neuronal Td. This finding suggests that Notch-mediated elevation of [UTX-1](http://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) expression results in removal of methylation marks made by PRC2, hence relieving its repressive effects on somatic gene expression in the germline. Consistent with this possibility, [LAG-1](http://identifiers.org/bioentitylink/WB:WBGene00002245?doi=10.1534/genetics.119.302333), the transcriptional mediator of Notch signaling, binds to the [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) gene and PRC2 represses [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) expression. The biological significance of this Notch activation of [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) is unclear as [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) expression is very low in the wild-type Notch-signaled mitotic zone. However, it is interesting to note that the [*utx-1*](https://identifiers.org/bioentitylink/WB:WBGene00017046?doi=10.1534/genetics.119.302333) family member named [*jmjd-3.1*](https://identifiers.org/bioentitylink/WB:WBGene00017571?doi=10.1534/genetics.119.302333) is necessary for natural rectal-to-neuronal Td in the worm ([@bib204]), suggesting shared principles between these two distinct reprogramming events with an emphasis on the importance of H3K27me removal during cellular plasticity events.

Soma-to-germline reprogramming {#s43}
------------------------------

The foregoing discussion pointed to many levels at which premature differentiation of somatic tissues is repressed in the pluripotent germline prior to fertilization of mature gametes. The mechanisms that specify germline vary widely across metazoans and in many animals ([@bib47]). While in *C. elegans*, and in many other invertebrate species, the germline lineage is specified at the earliest divisions of the zygote, in other animals it arises as a result of instructive cues from cells that were otherwise destined to become somatic tissue, raising the possibility that there exist mechanisms that actively repress inappropriate germline fate specification in somatic cells. Such regulatory processes that suppress germline-like fate in somatic cells have been identified in *C. elegans*.

Removal of [MEP-1](http://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333), a Kruppel like Zn finger protein, results in arrested L1s in which somatic cells morphologically resemble germ cells and P granules accumulate in intestinal and hypodermal cells as a result of transcriptional derepression of genes encoding P granule components in the soma, beginning in late embryogenesis ([Figure 5](#fig5){ref-type="fig"} and Table 2) ([@bib179]). This effect is not associated with detectable changes in somatic gene expression, which persists in the differentiated cells, suggesting that these cells possess a mixed soma/germline fate ([Figure 5](#fig5){ref-type="fig"} and Table 2). This phenotype is also observed in animals lacking [LET-418](http://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333), which also physically interacts with [MEP-1](http://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333) and which is the *C. elegans* homolog of mammalian Mi-2/CHD3 ([@bib186])---a component of the NURD chromatin remodeling complex ([@bib174]). Loss-of-function of several *mes* genes, which are required for germline fate, and which encode components of the PcG and TrxG chromatin modifying complexes, suppress the ectopic expression of germline genes expression in the soma and L1 lethality of [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333)*(−)* animals, implying that ectopic germline fate is activated inappropriately through the normal embryonic germline regulatory system ([@bib179]). How is this implemented? [MEP-1](http://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333) and [LET-418](http://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333) form a complex with the [HDA-1](http://identifiers.org/bioentitylink/WB:WBGene00001834?doi=10.1534/genetics.119.302333)/HDAC-1 histone deacetylase and [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333), a C3H-type zinc finger protein, which is required for this interaction. [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333) is known to repress zygotic transcription and somatic differentiation in the early embryonic germline ([@bib154]), and forced expression of [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333) in somatic cells results in derepression of germline-like fate in somatic cells, reminiscent of the phenotype of [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333)*(−)* ([@bib179]). Further, [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333) inhibits the histone deacetylase activity of [HDA-1](http://identifiers.org/bioentitylink/WB:WBGene00001834?doi=10.1534/genetics.119.302333) *in vitro*. Thus, [PIE-1](http://identifiers.org/bioentitylink/WB:WBGene00004027?doi=10.1534/genetics.119.302333) activates germline fate by antagonizing the activity of a chromatin modifying complex, including [MEP-1](http://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333), [LET-418](http://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333), and [HDA-1](http://identifiers.org/bioentitylink/WB:WBGene00001834?doi=10.1534/genetics.119.302333), that promotes somatic development. When the activity of this complex is removed, somatic cells acquire a mixed soma/germline fate, which may be interpreted as incomplete Td.

[MEP-1](http://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333) and [LET-418](http://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333) are part of the so-called "SynMuv B" factors---a group of evolutionarily conserved factors involved in transcriptional repression that have been shown to be required to restrict competency to vulval induction cues during larval development ([@bib49]). Several studies showed that the broad set of SynMuv B components also prevent germline-type differentiation in the soma ([@bib179]; [@bib188]; [@bib128]). While single mutations in the SynMuv B genes (other than [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333) and [*let-418*](https://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333)) do not cause larval arrest, mutations in some, but not all, of these other SynMuv B components, like the unconditional phenotypes of [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333)*(−)* and [*let-418*](https://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333)*(−)* mutations, result in partial derepression of germline-like fates in the soma ([Figure 5](#fig5){ref-type="fig"} and Table 2), as well as enhanced RNAi sensitivity, characteristic of the germline ([@bib35]). Mutations in this subset of SynMuv B genes are associated with ectopic expression of P-granule components and other germline genes but, unlike [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333)*(−)* and [*let-418*](https://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333)*(−)* mutants, are viable to adulthood at 20°. However, all those mutants in which P-granule proteins are expressed in somatic cells also showed variably penetrant, and irreversible larval arrest at 26°, with a temperature-sensitive period during late embryogenesis and L1, immediately preceding the point of arrest ([@bib128]). An increase in somatically expressed P-granule components is generally, though not universally, observed in these mutants at the elevated temperature. Expression of germline components in the soma in these mutants at the restrictive temperature is associated with upregulation of many germline genes, including those involved in germline meiosis. In addition, intestine genes are also upregulated in these mutants and ectopic germline protein expression is observed most prominently in the intestine. Further, expression of the SynMuv B protein [LIN-35](http://identifiers.org/bioentitylink/WB:WBGene00003020?doi=10.1534/genetics.119.302333) in the intestine was shown to be necessary to prevent expression of germline proteins, and its absence from the intestine was sufficient to cause larval arrest, suggesting that intestinal dysfunction, as a result of expression of germline factors in the organ, is responsible for the arrest. SynMuv B activities appear therefore to act broadly on repressing transcriptional programs, and may do so by modulating the chromatin landscape. In support, mutants for chromatin factors known or suggested to impact chromatin structure genetically interact with SynMuv B mutants. Indeed, as seen for the [*mep-1*](https://identifiers.org/bioentitylink/WB:WBGene00003218?doi=10.1534/genetics.119.302333)*(−)* and [*let-418*](https://identifiers.org/bioentitylink/WB:WBGene00002637?doi=10.1534/genetics.119.302333)*(−)* mutants, the L1 arrest of the SynMuv B mutants is suppressed by depletion of the germline chromatin remodeling factors encoded by several *mes* genes as well as by removal of [MRG-1](http://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333) and [ISW-1](http://identifiers.org/bioentitylink/WB:WBGene00002169?doi=10.1534/genetics.119.302333), which are also required for the SynMuv phenotype and germline function. Thus, these activities may be used reiteratively in the worm to establish new stable chromatin states and reinforce the maintenance of the cellular identity.

While it is clear from these studies that germline-like characteristics can be derepressed in somatic cells, they do not demonstrate *bona fide* reprogramming of soma to germline *per se*. Rather, the observations may simply reflect expression of germline genes in an otherwise somatic cell background, resulting in a mixed cell fate ([@bib128]). A critical test of this possibility would require transplanting the cells into a normal gonad---an experiment whose technical feasibility has not been demonstrated.

Soma-to-soma: *in vivo* *induced reprogramming of fully differentiated postmitotic somatic cells* {#s44}
-------------------------------------------------------------------------------------------------

Both natural and experimentally induced reprogramming events have been documented in *C. elegans*. While replication of DNA and chromatin during the cell cycle could in principle underlie "erasing" of the original differentiated state and new patterns of gene expression and reprogramming, findings in *C. elegans* have demonstrated at the single-cell level that even fully differentiated, postmitotic somatic cells can be reprogrammed to an entirely different cell type ([@bib81]; [@bib137], [@bib138]). This section will focus on the induction of direct reprogramming of fully differentiated cells in live worms, long after the embryonic MCT has occurred, and even in fully developed adults. This feat has been achieved by forced expression of various TFs, and expression of a single TF has been shown to be sufficient to reprogram specialized, postmitotic cells, though it should be noted that the majority of cells resist efforts to reprogram them to new identities by a single specific TF.

Cells from two distinct organ types, the pharynx (the neuromuscular foregut of the digestive tract), and the somatic gonad, can be reprogrammed to a gut-like fate when forced to express the [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333) GATA-type transcription factor ([Figure 5](#fig5){ref-type="fig"} and Table 2), which is redundantly required with [ELT-2](http://identifiers.org/bioentitylink/WB:WBGene00001250?doi=10.1534/genetics.119.302333) ([@bib137], [@bib138]) at the terminal steps in the endoderm transcriptional cascade for differentiation of the intestine ([@bib110]; [@bib137], [@bib138]). For the pharynx, this event can occur at any stage of development, including in adults, and long after development of the pharynx has completed during the late stages of embryogenesis. In response to ectopic [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333) expression, the reprogrammed pharynx and gonadal cells undergo dramatic changes in morphology at the fine ultrastructural level, causing them to strongly resemble that of normal gut cells and to express molecular markers of terminal gut differentiation. In the case of the somatic gonad, the uterus appears to be converted to a gut-like organ that looks identical at the fine ultrastructural level to that of the normal gut in a process that has been called "transorganogenesis" ([@bib138]). Brief forced expression of [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333), and other endoderm GATA factors, not only initiates ectopic gut gene expression throughout the animal, but also leads to rapid attenuation of normal pharynx gene expression, implying that the entire gene regulatory network for pharynx differentiation is replaced by that of the intestine.

It is not clear why the somatic gonad and pharynx are specifically sensitive to postmitotic Td to gut. Both, like the gut, are tubular structures, and, thus, might share common elements across their regulatory networks (<http://www.wormatlas.org/hermaphrodite/intestine/Intframeset.html>; <http://www.wormatlas.org/hermaphrodite/pharynx/Phaframeset.html>; <http://www.wormatlas.org/hermaphrodite/somatic%20gonad/Somframeset.html>). FoxA-type transcription factors drive formation of tubular structures ([@bib39]), and both the pharynx and gonad express the [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333)/FoxA transcription factor ([@bib7]), which is required for pharynx organogenesis ([@bib75]; [@bib86]). FoxA transcription factors, including [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333), have been shown to act as "pioneer" factors, which are thought to be able to access nucleosome-dense chromatin, and could prime chromatin states to make them competent for subsequent transcriptional activation ([@bib80]; [@bib77]) Thus, expression of [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333) may make it possible to [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333) to engage its targets in nuclei that have long passed the MCT. Indeed, [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333) was found to be required for Td of the pharynx to endoderm ([@bib138]), suggesting that the differentiated state of the pharynx is required for this event. In contrast, no evidence was obtained for a requirement of [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333) in the gonad-to-gut Td event and forced expression of [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333) did not allow [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333) to promote Td in cells that normally cannot undergo this event. It appears, then, that the combination of [ELT-7](http://identifiers.org/bioentitylink/WB:WBGene00015981?doi=10.1534/genetics.119.302333) and [PHA-4](http://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333) is insufficient to direct cells to undergo postmitotic Td to the gut in other cells, and other, as yet undefined, conditions must be met for this process to proceed.

The Td event that converts pharynx (foregut) cells to intestine (midgut) is reminiscent of a condition in humans known as Barrett's metaplasia---a premalignant state that is associated with an aggressive and frequently fatal cancer: esophogeal adenocarcinoma ([@bib159]). In this syndrome, cells of the lower esophagus (foregut) are converted from characteristic stratified squamous into those with the histological appearance of columnar goblet cells of the small intestine (midgut), a conversion that is analogous, and potentially homologous, to the Td of the *C. elegans* pharynx into intestine. In this regard, it is of note that the transcriptional regulatory mechanisms that specify the major divisions of the digestive tract are similar across metazoans including in *C. elegans* ([@bib103]; [@bib22]), suggesting that the subdivision of the alimentary canal into its major components occurs through an evolutionarily conserved process. Thus, the pharynx-to-gut Td event in worms might provide a useful model for this human condition.

Other examples of cell fate alterations following TF overexpression include the forced expression of single or pairs of bHLH factors, namely [HLH-8](http://identifiers.org/bioentitylink/WB:WBGene00001953?doi=10.1534/genetics.119.302333) and [LIN-32](http://identifiers.org/bioentitylink/WB:WBGene00003018?doi=10.1534/genetics.119.302333), in the AC and its precursors (L2 stage), which have been shown to alter AC fate and function ([@bib141]). This is coupled to the ectopic expression in the AC of a marker of the male DTC cells normally expressing this precise combination of bHLH factors, and a change in morphology reminiscent of the target somatic fate, suggesting a conversion from AC fate to male DTC-like features ([@bib141]). However, this possibly partial conversion appears to be only transient, perhaps because the driver used to force the bHLH cocktail expression may become less efficiently expressed over time, or because of transient superimposition of developmental programs.

Barriers to Reprogramming {#s45}
=========================

Are there barriers to reprogramming? Several reports have examined this aspect during both induced pluripotent or direct reprogramming, in mammals and worms, and suggested that switching off the initial transcriptional program is step-limiting. Overcoming this limitation can be achieved via the ability of the reprogramming factors to target the active loci in the initial cell ([@bib189]; [@bib26]; [@bib102]), by removing a key transcription factor that controls the expression of many identity genes ([@bib126]), or by using a powerful transcriptional repressor that will knock down other lineages' transcriptional program ([@bib102]). Additional genetic or epigenetic barriers that impact the ability to reprogram postmitotic cells and the efficiency of the process have yet to be discovered. In particular, if the differentiated identity is actively maintained, as proposed by Helen Blau ([@bib16]), the efficient removal of these maintenance mechanisms should enhance induced reprogramming scope.

What mechanisms might underlie these processes? Transcriptional regulatory networks have been associated with different cell states. For instance, the observation that the period of developmental plasticity correlates with the time during which restricted differentiation patterns are being specified in the embryo raises the possibility that the complex transcriptional regulatory networks activated by cell fate specification factors *per se* result in the pluripotency-to-commitment switch. Such gene regulatory networks are known to include positive transcriptional feedback regulatory loops that "lock down" differentiation pathways during specification (*e.g.*, [@bib37]; [@bib36]), and the lockdown of one gene regulatory state might be sufficient to prevent the activation of others. If this is the case, then eliminating the function of genes essential for the specification of a cell type might be expected to cause the descendant cells to remain pluripotent. A recent study suggests that this may not be the case at least for pharyngeal cell fates: for example, elimination of the [pha-4](https://identifiers.org/bioentitylink/WB:WBGene00004013?doi=10.1534/genetics.119.302333)/FoxA, critical for pharynx specification, did not result in an extension of the window during which the affected embryonic cells are capable of being reprogrammed ([@bib199]). Thus, there may exist global mechanisms controlling pluripotency that are independent of the known cell fate regulatory programs. It might also be that specific cell fate TFs and networks, besides endowing a cell with a specific identity, are also involved in maintaining a cell's specialized identity, and that their removal opens up cellular plasticity without reverting to a pluripotent state. A recent study suggests that, at least for neurons, this might be the case: while ectopic expression of certain TFs have been shown to convert early embryos into balls of a given cell type (see section *Early Embryonic Cellular Plasticity is Restricted to a Defined Time Window: the Multipotency-to-Commitment Transition*), later overexpression of these same TFs on their own mostly failed to convert differentiated cells in late embryos or in larvae (see section *Induced Reprogramming in the Worm*). However, if the same experiment is performed in a mutant background in which the [UNC-3](http://www.wormbase.org/db/get%3fname=WBGene00006743;class=Gene) transcription factor, normally involved in specifying cholinergic motoneuron identity (and called terminal selector for its ability to induce a generic neuron to adopt a specific identity and function) is absent, a number of these cholinergic motoneurons can now be induced to express markers of other neuronal identities, such as ASE features in response to overexpression of the [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) TF ([@bib126]). A similar result has been obtained in mutants for the other "terminal selectors" [*ets-5*](https://identifiers.org/bioentitylink/WB:WBGene00016600?doi=10.1534/genetics.119.302333), [*ttx-1*](https://identifiers.org/bioentitylink/WB:WBGene00006652?doi=10.1534/genetics.119.302333), [*ceh-14*](https://identifiers.org/bioentitylink/WB:WBGene00000438?doi=10.1534/genetics.119.302333), [*lin-11*](https://identifiers.org/bioentitylink/WB:WBGene00003000?doi=10.1534/genetics.119.302333), but not when [*unc-30*](https://identifiers.org/bioentitylink/WB:WBGene00006766%3fdoi=10.1534/genetics.119.302333) or [*unc-42*](https://identifiers.org/bioentitylink/WB:WBGene00006778?doi=10.1534/genetics.119.302333), or when the [*unc-4*](https://identifiers.org/bioentitylink/WB:WBGene00006744?doi=10.1534/genetics.119.302333), [*unc-55*](https://identifiers.org/bioentitylink/WB:WBGene00006790?doi=10.1534/genetics.119.302333) and [*mab-9*](https://identifiers.org/bioentitylink/WB:WBGene00003106?doi=10.1534/genetics.119.302333) TFs, which control diversification into various cholinergic motoneuron subtypes, are absent ([@bib126]). Thus, although it has not been formally demonstrated that removal of these "terminal selectors" in the neurons only after specification has the same effect, it appears that certain, but not all, TFs involved in identity-specific programs, may restrict cellular plasticity in neurons. This plasticity-restraining activity might involve control of chromatin structure, as absence of [UNC-3](http://www.wormbase.org/db/get%3fname=WBGene00006743;class=Gene) affects the compaction of arrays bearing [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) targets, and, further, absence of enzymes depositing H3K27me and H3K9me marks also result in widened cellular plasticity ([@bib126]).

It is possible that several layers of transcriptional control are involved in restricting cell type reprogramming. In an RNAi screen for factors that restrict the ability of a developmental TF overexpression to reprogram cells in *C. elegans*, several members of the FACT ("facilitates chromatin transcription") complex were identified ([@bib91]). The FACT complex is involved in modulating nucleosome reorganization ([@bib76]). Two subcomplexes were found that seem to function specifically either in the germline or in somatic cells, particularly the intestine. Elimination of the FACT complex in germ cells results in their conversion into neurons upon expression of a neuronal determinant such as [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) ([@bib91]). This conversion is evidenced by expression of several neuronal markers (as assessed using transgenes and endogenous expression), morphological changes, and decrease of germline markers ([@bib91]). By contrast, elimination of the somatic FACT complex led to expression of some neuronal markers in intestinal cells, but no loss of intestinal markers or morphology. In the nucleus, loss of FACT results in mild changes in chromatin accessibility, as shown by ATAC-Seq on whole worms, and transcriptional changes, with both upregulated and downregulated genes observed ([@bib91]). Thus, different FACT complexes appear to act as a safeguard of cellular identity in the germ cells or in the intestine through their action on transcription. Interestingly, this activity may be evolutionarily conserved, as depletion of FACT in human fibroblasts appear to enhance both pluripotent and direct reprogramming efficiency ([@bib91]). Potentially representing another layer of transcriptional control, an RNAi screen targeting factors involved in chromatin regulation further showed that RNAi-mediated knock-down of [*mrg-1*](https://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333), a homolog of human MORF4L1 and MORF4L2, allows OE of the [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) TF to convert germ cells into neurons expressing endogenous pan-neuronal and ASI markers ([@bib70]). Although the exact role of [MRG-1](http://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333) in this context is still unclear, it is possible that [MRG-1](http://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333) acts by modulating chromatin activity. Indeed, ChIP experiments against [MRG-1](http://identifiers.org/bioentitylink/WB:WBGene00003406?doi=10.1534/genetics.119.302333) showed that it can be found associated to DNA, and immunoprecipitation experiments suggest an interaction with several chromatin-regulation factors, such as the H3K9 methyltransferase [SET-26](http://identifiers.org/bioentitylink/WB:WBGene00013106?doi=10.1534/genetics.119.302333), the O-GlcNAc transferase [OGT-1](http://identifiers.org/bioentitylink/WB:WBGene00003858?doi=10.1534/genetics.119.302333), and the HDAC repressor complex member [SIN-3](http://identifiers.org/bioentitylink/WB:WBGene00004117?doi=10.1534/genetics.119.302333) ([@bib70]).

Additional histone modification events, as well as the nuclear RNAi pathway, have also been shown to regulate pluripotency and inhibition of somatic differentiation in the *C. elegans* germline ([@bib139]). H3K4 methylation is associated with active promoters and enhancers ([@bib12]; [@bib71]) as well as transcriptional repression ([@bib129]; [@bib106]), and changes in H3K4 methylation patterns are associated with developmental reprogramming ([@bib57]; [@bib89]). This modification is catalyzed by SET1/MLL class of histone methyltransferases that include conserved subunits SET1 (denoted [SET-2](http://identifiers.org/bioentitylink/WB:WBGene00004782?doi=10.1534/genetics.119.302333) in *C. elegans*), WDR5 ([WDR-5.1](http://identifiers.org/bioentitylink/WB:WBGene00006474?doi=10.1534/genetics.119.302333) in *C. elegans*), and ASH2 ([ASH-2](http://identifiers.org/bioentitylink/WB:WBGene00012458?doi=10.1534/genetics.119.302333) in *C. elegans*), and these three components were shown to perform both overlapping and distinct functions in germline transcription ([@bib139]). Removal of each of these functions results in loss of germline gene expression, progressive temperature-sensitive sterility (a mortal germline, or Mrt phenotype) and loss of germline P granules over several generations. In these animals, many normally soma-specific genes, particularly those in differentiated neurons, muscle, and intestine, are derepressed. Consistent with these observations, in [*set-2*](https://identifiers.org/bioentitylink/WB:WBGene00004782?doi=10.1534/genetics.119.302333)*(−)* and *[wdr-5.1](https://wormbase.org/species/c_elegans/gene/WBGene00006474#0-9g-3)(−)* mutants, but not [*ash-2*](https://identifiers.org/bioentitylink/WB:WBGene00012458?doi=10.1534/genetics.119.302333)*(−)*, animals, the defective germlines undergo neuronal and muscle differentiation with a progressive, cumulative effect over multiple generations, paralleling the temperature-sensitive Mrt germline phenotype. This phenotype is associated with loss and redistribution of the repressive H3K9me3 modification but an increase in H3K37me3, in contrast to the reduction seen in [*lin-53*](https://identifiers.org/bioentitylink/WB:WBGene00003036?doi=10.1534/genetics.119.302333) mutants (see above, paragraph *Nuclear control of pluripotency in the germline and germline-to-soma reprogramming*). A similar temperature-sensitive Mrt phenotype is also seen in animals lacking [HRDE-1](http://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1534/genetics.119.302333) ([@bib23]) and [NRDE-4](http://identifiers.org/bioentitylink/WB:WBGene00001584?doi=10.1534/genetics.119.302333) ([@bib139]), which function in the nuclear RNAi pathway and associate with siRNAs that repress gene expression in the germline. Consistent with a similar mode of action, [*hrde-1*](https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1534/genetics.119.302333)*(−)* mutants, like [*set-2*](https://identifiers.org/bioentitylink/WB:WBGene00004782?doi=10.1534/genetics.119.302333)*(−)* mutants, also show a loss in H3K9me3, an increase in H3K27me3 in the germline, depression of somatic gene expression, and progressive increase in inappropriate somatic differentiation in the germline. Loss of [SET-2](http://identifiers.org/bioentitylink/WB:WBGene00004782?doi=10.1534/genetics.119.302333)/[WDR-5.1](http://identifiers.org/bioentitylink/WB:WBGene00006474?doi=10.1534/genetics.119.302333) and [HRDE-1](http://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1534/genetics.119.302333)/[NRDE-4](http://identifiers.org/bioentitylink/WB:WBGene00001584?doi=10.1534/genetics.119.302333) show mutual enhancement for these phenotypes, implying that they act through parallel genetic pathways to repress somatic differentiation in the germline over successive generations.

While progressive loss of germline identity in the absence of SET1/WDR5 and [HRDE-1](http://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1534/genetics.119.302333)/[NRDE-4](http://identifiers.org/bioentitylink/WB:WBGene00001584?doi=10.1534/genetics.119.302333) is associated with a loss of germline-specific P granules, this is likely to be an effect rather than a cause of the phenotype, as changes in P granule gene expression were not observed in the transcriptional profiling experiments ([@bib139]). However, other studies have shown that somatic development is indeed repressed in the germline by components of P granules ([@bib180]). Thus, multiple mechanistic layers exist to protect germ cells from reprogramming, and to repress somatic differentiation in the germline. Among these, histone modifications and their likely impact on chromatin organization seem particularly crucial in the germ cells as opposed to the soma. It will be interesting to elucidate further how the regulatory machinery for the cell cycle, translation, and transcription are precisely coordinated.

Many studies described throughout this review point to the importance of chromatin alterations in establishing developmentally plastic states (Table 2). The conversion of a normally repressed, condensed, heterochromatic state into an open state that is susceptible to transcriptional activation as a result of manipulation of important chromatin regulatory factors may be analogous to the changes during normal development in what has classically been referred to as "facultative heterochromatin," chromosomal regions in which an inactive, repressed state can be converted to actively transcribed euchromatin ([@bib67]; [@bib177]; [@bib194]). The genetic manipulations that allow reprogramming of cell fates might mimic this natural normal conversion of facultative heterochromatin that occurs during normal development. In this line, it is particularly striking that a crucial requirement for a change in chromatin activity/structure has been, in large part, revealed by experiments aiming at swapping from a germ to a somatic identity and vice and versa (Table 2), reinforcing the notion that chromatin organization is qualitatively different in germ cells ([@bib144]; [@bib181]) (<http://www.wormbook.org/chapters/www_germlinechromatin/germlinechromatin.html>). In addition, this may mean that the barrier mechanisms, or the relative importance of each such mechanism, may be qualitatively different in somatic *vs.* germ cells. Finally, experiments aiming at removing barriers to reprogram germ to somatic cells have used, for technical reasons, RNAi knock down of chromatin factors, rather than loss-of-function mutants, raising the intriguing possibility that the RNAi process *per se* may also facilitate the conversion.

General Principles Underlying Reprogramming {#s46}
===========================================

Studies in worms, as described here, and in other models strongly point to several common themes across reprogramming events. These are, at the cellular level: (i) The importance of erasing the initial identity to make way for the new one (see previous section), thereby assuring exclusivity of cell fates. This has lent additional support to the notion that cellular identities, or stable states, are reinforced by active maintenance mechanisms. (ii) The transition through discrete states in a step-wise process. The analysis of a natural Td event showed that, even in absence of cell division, Td occurs in multiple discrete steps ([@bib136]). Both the step-by-step nature of the process, and the transition through a dedifferentiation state, have been observed during direct reprogramming events in other species, and thus may represent conserved aspects. Indeed, when murine primary pre-B lymphocytes are provided with exogenous C/EBPalpha, up to 100% of the cell population can be converted into macrophages ([@bib41]). This conversion appears to occur synchronously, allowing the authors to study the genome-wide transcriptional changes at different time points during the process. Analysis of these changes showed that the pre-B transcriptional program is switched off first, before the macrophage transcriptional program is activated ([@bib41]). Thus, a stage during which both transcriptional programs are off, representing a possibly dedifferentiated intermediate, can be identified. The parallel with Y Td extended further, as the order in which macrophage-lineage markers became activated was reminiscent of macrophage developmental differentiation ([@bib41]). A similar sequence of events is more widely observed: for instance, during newt lens regeneration following removal of the lens, pigmented epithelial cells of the iris re-enter the cell cycle and dedifferentiate---but do not revert to a pluripotent state---and lose their pigmentation before they redifferentiate into lens cells ([@bib72]). Thus, induced and natural reprogramming in murine cells, and newts or worms, respectively, show similar step-wise cellular transitions, raising the possibility that different direct reprogramming types could rely on similar mechanistic principles, and in widely divergent species. (iii) The uncoupling between the erasure of a cell's identity and the reversion to a pluripotent state. As noted above, this step-wise Td process involves transition through a dedifferentiated state, in which the cell loses its initial characteristics prior to acquiring new ones. While the use of ES cells and the ability to force differentiated cells to reprogram into a pluripotent state has reinforced the implicit idea that a dedifferentiated state is equivalent to an early embryonic-like pluripotent state, studies of direct reprogramming processes have shown that this is not the case ([@bib136]; [@bib99]). (iv) The exact impact of cell division. Developmental or regenerational reprogramming and Td are commonly associated with ongoing cell division, which could represent a process for making a sufficient number of new cells. In contrast, Td in several distinct settings can occur in the absence of mitosis or cell division in *C. elegans* (see above). While somatic differentiation of germ cells, triggered either by [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) or in P granule-depleted germlines, does appear to occur in the context of mitotically dividing cells ([@bib180]), or in the case of [*mex-3*](https://identifiers.org/bioentitylink/WB:WBGene00003229?doi=10.1534/genetics.119.302333)*(−)*[*gld-1*](https://identifiers.org/bioentitylink/WB:WBGene00001595?doi=10.1534/genetics.119.302333)*(−)*, in cells undergoing meiotic division ([@bib29]), the germline-to-neuronal reprogramming mediated by [CHE-1](http://identifiers.org/bioentitylink/WB:WBGene00000483%3fdoi=10.1534/genetics.119.302333) seen in a developing germline undergoing continuous mitotic and meiotic division, can also occur even when cell division is blocked pharmacologically or genetically ([@bib127]; [@bib152]). Thus, as is the case with the natural Y-to-PDA Td event ([@bib81]), and postmitotic conversion of pharynx and uterine cells into intestine ([@bib137], [@bib138]), cell division is dispensable for germline-to-somatic Td. Therefore, while cell division does not represent an obligate step during direct reprogramming, it is associated with several direct reprogramming events in various species and the impact and the potential impact of DNA replication in these latter cases remains to be further explored. (v) Finally, the importance of nuclear events and the control of gene expression. These events include the activity of TFs, modulators of the chromatin structure and conformation, and, in the case of the germline, translational control.

Summary and Future Perspectives {#s47}
===============================

The broad toolkit of forward and reverse genetics methods available with *C. elegans* will continue to advance our knowledge of the mechanisms that regulate cellular plasticity, the processes that convert multipotent cells to committed states, and the conditions that make it possible to interconvert cells between distinct differentiated states. In addition, while the expanding palette of quantitative genetics tools ([@bib54]; [@bib2]) available to *C. elegans* researchers has not yet been applied to these problems, it may prove informative to ask whether natural genetic variation across the species, which dramatically influences many traits, also affects cellular plasticity, for example the timing of the MCT; the susceptibility to, or efficiency of, induced Td; or the specific requirements for chromatin modifiers in the process. Understanding such genetic influences may prove of particular relevance in the context of patient-specific strategies in regenerative medicine. The accessibility of *in vivo* analysis with the worm, providing the ability to characterize these events dynamically as they occur in individual identified cells, makes it likely that the system will continue to provide a comprehensive view of the processes in many cell contexts.

Conversion of one cell type into another most likely involves the rewiring of gene regulatory networks. Profiling of the transcriptome as cells convert from one type to another will be highly informative as to the mechanisms of this rewiring. Another unresolved question is whether the redifferentiation process mimics developmental differentiation and redeploys pathways and strategies that are similar to the developmental differentiation of lineally related cells. Together with genetic screens targeted at identifying the molecules involved, it will thus be of particular interest to assess, using transcriptomic data, the degree to which the transcriptional program during reprogramming is similar to, or the same as, what is used in the normal developmental context, and whether the fully reprogrammed differentiated cells retain marks left from the original cell state. Such conversion appears to involve switching between bistable states. Analysis of both the transcriptional, and ultimately structural, changes occurring throughout nuclei during conversion will confirm whether the switch between the two stable conditions occurs through a stereotyped stepwise series of events, progressively or not, or through a more stochastic, less determinate, progression.

As described here, most studies to date have emphasized the importance of transcriptional regulators, chromatin remodeling factors, and translational regulators in controlling plasticity and establishing commitment. However, the potential role of other major regulatory processes in regulating plasticity in *C. elegans* has not been illuminated. Thus, it is possible, for example, that noncoding RNAs, which play key roles both in RNA stability and expression, as well as in establishing heritable epigenetic states of gene expression ([@bib5]; [@bib157]), might modulate cellular plasticity during natural and induced Td. The metabolic status of the animal, including its passage through developmental diapause, has long been known to influence phenotypic outcomes ([@bib97]) and the quantitative requirement for redundant developmental regulators ([@bib114]), and it will be important to understand the relationship between metabolic or physiological conditions and cellular plasticity. Further, there is currently limited information regarding the possible influence of proteostasis, stress response, or other signaling pathways on these processes, and assessment of the roles they may play in these events should be informative.

Td of cells results not only in major changes in transcriptional states and nuclear structure, but also in the remodeling of the overall cellular structure, including cell surface components, the cytoskeleton, cell polarity, and organelle number and morphology. It will be important to dissect the detailed cellular basis for these striking remodeling processes, and to reveal how the converted cells are incorporated into new structures and form new interactions with cells in the surrounding tissues. In addition, the requirements of components involved in macromolecular turnover (*e.g.*, proteasome, autophagic mechanisms, *etc*.) in these major remodeling events should prove informative as to the mechanisms of these transformations in differentiated cell function.

How related are the processes of natural Td, induced Td, and regeneration? The origins of cells involved in these events, and the mechanisms underlying regeneration, have been hotly debated, and are subject to substantial controversy. Resident adult stem cells, dedifferentiation of mature cells such as muscle fibers followed by redifferentiation into cells of the same lineage, or Td of cells adjacent to the injury site, have all been described. A survey of the literature suggests that a variety of strategies are observed that may depend on the species and complexity of the tissues or organ that are regenerated, the type and extent of the injury, and the developmental stage of the individual ([@bib184]). Detailed comparisons will make it possible to better define when, and in what conditions, Td is involved in the process, and its mechanistic relationship to the dedifferentiation of mature cells that then proliferate prior to redifferentiating. The actual cellular state of these dedifferentiated intermediates and their associated cellular potential, as well as their similarity to transient intermediate states that can be observed during injury-independent Td are all exciting problems that need to be addressed. Many of the studies of plasticity in *C. elegans* have pointed to evolutionarily conserved mechanisms that influence Td. With additional studies in worms and other models, a picture will emerge regarding which mechanisms underlying cellular plasticity among metazoans and between distinct processes (*e.g.*, regeneration *vs.* natural Td *vs.* induced Td) are broadly general and which are phylogenetically restricted.

A related question for the future is whether there are important differences between *in vivo* and *in vitro* reprogramming. Indeed, studies focusing on induced events, whether *in vitro* or *in vivo*, trigger reprogramming in very different settings. What might be the impact of the cellular environment? This parameter might influence the number of cells reprogrammed, the efficiency of the process, its viability, or on the redifferentiation component, for example, by influencing the maturation and functional integration of the reprogrammed cells. In this context, the precise control of cellular environment, through defined manipulation of *in vitro* conditions, or in an intact organism with defined and fixed cell types and number, will likely be a great advantage to revealing potential influencing conditions that could be at work.

How does the ability of a given cell to be successfully reprogrammed change with age of cells or an organism? Induced direct reprogramming experiments in the worm suggest that, at least with certain reprogramming cues, cells in younger larvae are more prone to change their identity than in older larvae or adults ([@bib136]; [@bib178]). Similarly, the success of *in vivo* induced direct reprogramming in the murine brain has been shown to be linked to the age of the neurons targeted ([@bib140]). Similarly, the efficiency of inducing direct reprogramming in mammals is maximized when embryonic fibroblasts are used. These observations in different species point to the influence of the age of a cell on its ability to be reprogrammed. However, specific TFs can reprogram postmitotic differentiated cells even in adult worms ([@bib138]). It will thus be important to confirm and decipher the mechanisms and context that underlie the increased resistance to reprogramming with age, and how this varies for given reprogramming cues or starting cell types.

A major feature appreciated by all *C. elegans* researchers is the comprehensive information available describing its development, structure, and biology at the cellular and subcellular level. Studies of cellular plasticity may ultimately reveal the instructions that make it possible to convert any one cell type into any other. It is therefore not unreasonable to imagine that the worm may be the first animal in which this is comprehensively understood, owing to its simplicity and the depth of information available. Beyond that goal, one might imagine in the far-flung future that *C. elegans* could be the first animal that is truly fully understood, as demonstrated by the ability to recreate it entirely in the laboratory. A detailed understanding of Td and remodeling is pivotal toward this distant goal of obtaining a complete understanding of how a complete, functioning animal self-assembles from a zygote.
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